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1.0  Predictive Model as a Siting Tool

oo An analyucal model is presented to predict hazardous building debris distances for acci-

dental explosions within explosives material operations buildings. The mode! was developed for
the U.S. Deparunent of Energy (DOE) Safery Office-under funding by DOE and the U.S. Department
of Defense Explosives Safety Board (DDESB) Ao provide an approved method for determining
siting distances for explosive 1nading conditions and building construction types most common to
DOE facilities. Ii can be used « nredict hazardous debris distances using similar loading conditions
in buildings constructed of reinforced concrete, masonry (clay tles or concrete masonry units),
lightweight components such as corrugated metal, or a combination of these materials. Thus, the
modelis useful to both the DOE and the Department of Defense (DoD) explosives safety community.
Verification and refinement of the model are based on data from an extensive test program. The
analytical model is a flexible, component based predictive tool, verified with data, which can be
used to site explosives operations according to predicted hazardous debnis distances. The model is
intended for general use within the constraints discussed in Section 1.3.

1.1 Background | "

Since July 1984, separation distances for DOE explosives handling facilities have been
based on both fragment and overpressure criteria in Reference 1. Inhabited building distance criteria
for debris is 670 feet for explosives quantities up to 100 1bs and 1,250 feet for quantities greater
than 100 Ibs up 1o 30,000 1bs, unless ;equired protection at lesser distances can be demonstrated.
This July 1984 change caused greatconcem at many explosives material facilities. Some separation
distances based on debris exceeded plant boundaries or distances berween existing stuctures.
Efforts to comply with the criteria involved reduction of explosives material amounts, expansion
of plant real estate, or hardening of structures (including the erection of barricades). In several
cases, exemptions proved necessary. However, the use of exemptions is an undesirable solu.i2n w
the problem. Since a typical DOE facility houses relatively small quantaties of explosives material,
as compared to a DoD facility, the DOE safety community decided to question the broad-ranged
DoD fragment separation criteria.

A comprehensive testing program was implemented to develop an analysis method which
could te applied with a high level of confidence. Data needed to determine the quantity-distance
(Q-D) requirements for combinations of stucture and explosive configurations found at DOE
facilities were gathered in an extensive test program (Reference 2). The program concentrated on
the lower charge amounts and building types common to DOE. The two main objectives of the

program were:

. the development of a predictive model to determine hazardous debris distances for
accidental explosions in common DOE structures, and




. the calibration and validation of the predictive model using data from component
tests of construcon materials and explosive amounts of interest for DOE facilities.

Debris criteria for inhabited building distance require that the minimum distance for pro-
tection from hazardous fragments will be that distance at which fragments, including debris from
structural elements of the facility or process equipment, will not exceed a hazardous fragment
density of one hazardous fragment per 600 square feet. It further states that if this distance is not
known, the distances of 670 and 1,250 feet described in Secdon 1.1 will be used unless one can
show by analysis or testing approved by DDESB that a lesser distance meets the criteria. The
model described in this paper provides an approved procedure for conducting such an analysis for
building debris. The siting criteria have been modified toinclude the use of the model by specifically
referencing this paper as an example of an approved analysis. Primary fragments and fragments
from process equipment may also need to be considered when analyzing a building for siting dis-
tances. When hazards from these fragments are ccnsidered, one significant source of guidance for
predicting their hazardous fragment distances can be found in Reference 3.

1.2  General Model Description

The predictive model is a8 combination of steps to determine hazardous debris distance and,
thus, accepiable siting distance between explosive handling facilities and inhabited buildings. The
key steps involve the use of computer codes for predicting internal loads and debris dispersion. The
dispersion code has been extensively modified based on the analysis of data from the supporting
test program described in Reference 2. Other intermediate steps consist of making prescribed
calculations which are based on statstical analysis of the test data and observations from the tests.
These calculstions are necessary to determine input for the computer codes.

The predictive model follows a component based analysis procedure. The procedure
includes the general steps listed below:

. loading prediction on internal surfaces,

. prediction of component breakup and determination of debris charac-
tenistics (mass, velocity, angle, drag),

. debris dispersion, and
J debris tumble after impact (ricochet arA roll).

The analysis approach and general description of each of these steps is given in this section. Three
computer codes and calculatons necessary to establish input for these codes make up the model.
More explicit steps on how to use the modsl are provided in Section 2.1. Complete documentary
details can be found in Reference 2.




1.2.1 Loading Prediction on Internal Surfaces

The first step in using the model is 1o define the threat in terms of the charge amount and
location and the wall and roof components of the donor structure. Once the explosive threat and
building characteristics have been established, the second step of the model is to determine internal
loads on each component. Blast loading inside a confined space can be characterized by an initial
shock phase which is usually followed by a gas or quasistatic phase loading. The shock phase
consists of very short duration, high pressure pulses which load surfaces as the shock reverberates
within the donor bay. The magnitude of the shock phase depends on the charge amount, the distance
to the loaded surface, and the locaton of nearby reflecting surfaces. The magnitude and duradon
of the quasistatic phase depend on the charge amount, the donor bay volume, and the available vent
area and mass of vent covers. If the vent area i< sufficiently large and the vent cover mass is small,
the gas phase is essentally eliminated.

Two types of shock loading are considered by the model -- close-in and far-range loading.
Close-in loading occurs when the charge is so close to the component that the applicd pressures
locally overwhelm its strength. The component loses all structural integrity, and the maximum wall
motion is determined by the maximum applied impulse. Far-range loading occurs when the charge
is far enough from the wall so that basic swuctural integrity is maintained, and the wall responds
to an average, more uniform load. The wall material properties are also important in determining
the load distribution. This is discussed in Reference 2. The use of model procedures for determining
close-in loading is limited to situatons where the scaled standoff between the charge and the

component is between 0.5 and 1.0 fv1b'”. All greater standoffs will be considered far-range shock
loading.

To completeiy cover the full range of loading conditions possible in an explosive handling
building, several combinations of shock loading and quasistatic loading are treated by the model.
The loading realms addressed include close-in loading, combined close-in loading and quasistatic
loading, far-range loading with quasistatic loading, and far-range loading without significant
quasistatic loading. The procedures for predicting loads for each of these realms are included in
the step-by-step guidelines in Section 2.1. Only a brief discussion of the tools and methods used
to calculate the loads is provided here. Complete details of the reasons for selecting each method
and the test data on which they are based can be found in Reference 2.

The SHOCK and FRANG coniputer codes are used to determine the shock and gas impulse
on all components in the donor structure. A combination of the impulse predicted using both codes
is used to calculate maximum debris velocity (and several other debris characteristics related to
velocity) for debris resulting from each loading realm discussed in this section. The only exception
is close-in loading with no quasistatic loading, for which only the SHOCK predicted impulse is
used. The mode) procedures prove to be an accurate treatment of the load based on comparisons
to the testdata listed in Reference 2. SHOCK is based on 2 program originally written by Ammann
& Whitmey. The version currently used in the model (Version 1.0) was acquired from the Naval




Civil Engineering Laboratory (NCEL). This version or the version used at Waterways Expenment
Station is acceptable for use in the model. It is used to predict average shock phase loading on
interna! surfaces including the shock reflections off nearby surfaces. The programincludes areduced
area option which allows detcrmination of average shock impulse over a portion of a wall surface
or at a single point on the wall. Thus, loads over the entire component, over a local area, or at a
point directly across from the charge can be determined. If a building has an exterior ramp or
corridor which can also conmibute to the debris hazard, the loads on these structural elements wre
determined using peak reflected air blast curves and the line-of-sight distance to the element. The
impact distances determined for these debris are then added to the total debris dispersal predicted
for the affected direction. Any quasistatic impulse caused by a detonation in a confined building
is predicted using the computer code FRANG. Version 1.0 of this code was also acquired from
NCEL and is the code which was used to generate the design charts for internal gas pressure in
Volume II of Reference 4.

1.2.2 Building Component Breakup and Debris Characteristics

Component breakup is predicted based on the applicd load and the component type. Several
debris characteristics are necessary as inputs to the computer code used in the model to deiermine
debris dispersion. Brief descriptions of the main parameters and the methods used to calculate them
are presented here. Specific guidelines for determining these parameters are included in Section
2.1. Detailed descriptions of the analysis and the data used to establish the prediction methods can
be reviewed in Reference 2.

High speed film coverage of both the response of the walls and the manner in which debnis
left the test fixwres provided data on component breakup and debris flight and impact characteristcs.
The extensive debris recovery effort provided data on debris size. These data were used to refine
the mode] procedures for determining characteristics for debris from reinforced concrete, unrein-
forced masonry, and lightweight metal walls. The following parameters arc based directly on test
data:

average debris mass

. total destroyed mass of a wall

. initial angles at which debris leave a wall
. wall breakup (two or three dimensional)

. debris roll and ricochet upon impact

. debris velociues.




Other characteristics such as drag coefficients are based on adapting the work of previous
rescarchers. Wherever possible, statistical analysis provided the basis or versification of input
recommendadons for the debns dispersion code. All pertinent statstical correlations and complete
data summaries are documented in Reference 2.

The breakup is predicted to provide input in a form compatible with the computer code
MUDEMIMP used for debris throw. This ccde, which is discussed in Section 1.2.3, 2stimates the
hazardous debris distance for each component of a building using input probability distributions to
describe building breakup. Probability distributions for the following debris parameters are input
into the code:

. initial debris velocity

. debris mass

. inital debris wrajectory angle
. debns drag coefficient

. debris drag area factor.

The choice of input probability distribution to use for each of these parameters is based on statistical
conelations with the test data. Statistical sampling of the measured data for mass, velocity, and
angle for each test (including goodness of fit tests on each parameter) established the distributions
to be used for these parameters. The recommended distributions are summarized in Sections 1.2.3
and 2.1. Section 2.1 also contains explicit guidelines for calculating each parameter.

1.2.2.1 Debris Velocity

Average initial debris velocity and the initial velocity standard deviation are required inputs
in the debris dispersion code used in this model for all component materials except steel beams.
Both of these parameters are calculated from the maximum debris velocity. The calculation method
for maximum debris velocity depends on the loading realm being considered (see Section 1.2.1)
and the component material. Basically, the most accurate method known by the user to obtain the
load for a particular charge configuration should be used. The load calculations described in this
paper are based on test data using bare spherical charges, the type of charges on which the SHOCK
and FRANG codes are based. If another more accurate and approved method is used to determine
loading, the user may proceed to step 4.C (page 21) to calculate the maximum velocity using the
more accurate loading. If the SHOCK code is used to obtain impulse, the user is automatically
assuming a spherical charge and, therefore, must follow the whole procedure in step 4, including
using the impulse reduction factor, R,, described in the next paragraph.




The maximum velocity calculation is the quotent of the total relevant impulse divided bty
the mass per unit area of the component. The determination of impulse is the most complicated
part of the procedure, but it has been outlined in detail in step 3 of Section 2.1. The total relevant
impulse is the sum of the relevant shock impulse and the relevant quasistatic impulse (if any). The
relevant shock impulse for close-in loading of concrete and masonry components is the predicted
shock impulse divided by a reduction factor which is based on the data collected as pan of this
program. The equations for determining the reducton factor, R,, (Equations 3 - 6) and the stepwise
progression through the velocity calculations (Equations 7 - 17) are outlined in step 4 of Section
2.1. The relevant shock impulse for far-range loading (Equation 8) is equal to the shock impulse
predicted as described in Reference 2 and summarized in Section 2.1. An existing curve-fit is used
to predict maximum beam velocity (Equations 14 and 15). For all loading of metal panel walls,
for far-range shock loading of components of all materials, and for all loading not predicted using
the SHOCK code described in this paper, no reduction factor is used.

1.2.2.2 Debris Mass

The average debris mass and the total destroyed mass are required inputs for the
MUDEMIMP dispersion code. Both are determined based on test data described in Reference 2.
Although the MUDEMIMP code refers to these parameters as masses, they are actually weights
which are then converted internally by the code to masses. Thus, the calculations prescribed by
the model are actually calculations of debris weight and destroyed weight of a component. The
average debris weight for concrete and masonry debris is determined as the product of a volume,
the density of the material, and a multplication factor based on curve fits to test data. The rec-
ommended volume and factor for reinforced concrete and unreinforced masonry are given in
Equations 19 t0 21 in step S of the guidelines in Section 2.1. This average "mass" is used with the
total destroyed mass of the component to define an exponential distribution of masses for concrete
and masonry components. A uniform mass distribution is recommended for metal wall panels
varying from 1/4 the panel mass (Equation 24) to the full panel mass (Equation 23) based on
observations from two tests conducted during the DOE/DoD test program and on limited accident
data. Beams are assumed to fail as a single picce of debris. Thus, a constant mass distribution is
used for beams with an input value equal to the total beam mass (Equation 22). The average masses
and distrributdons recommended for each type of component are summarized in steps 5 and 8 of
Section 2.1.

The total mass of the portion of the component which is destroyed is required as input to
the MUDEMIMP code (alonz with the average debris mass) to define the distribution of debris
masses. Itis also used to adjust the number of simulations to obtain an accurate number of debris
expected from the accident being simulated. Like average debris mass, this parameter is input in
the code as a weight and then converied internally. The value used for this parameter is actually
an effectve destroyed weight and not necessarily the total weight expected to be destroyed. The
recommended value is based on data from tests in which debris which impacted very close-in to
the wall were not included in the data collection. These debris do not set either the maximum debris




distance or the hazardous debris distance and, thus, were ignored in the analysis. They centainly
are a real part of the actual total desaoyed weight, but since the calculanon procedure is based on
test data which excludes those debris, the input value for this parameter should be considered an
effective destroyed weight instead of a total destroyed weight.

The total effective destroyed mass for concrete and masonry debris is calculated using
linear relationships developed using test data (Reference 2). The toral measured debris mass, within
the limits of the test data and the collection criterion used, proved to be linearly related to the
maximum measured debris velocity for close-inloading. Total debris mass, exciuding large pieces,
is relatively constant with maximum debris velocity for concrete tests with large quasistatic loading.
Thus, for close-in loading of concrete and masonry components, the linear relationships are
extrapolated to 1.0, or a total effective desroyed mass equal to the total wall mass. For concrete
tests dominated by large quasistatic loading, the total cffective destoyed mass is always taken as
one-tenth of the total wall mass. The total wall is assumed to be destroyed for lightweight metal
walls and lightweight brittle walls. An entire beam is assumed to fail if a non-zero velocity is
calculated with the model. Only the most highly loaded beam is considered because a single, whole
beam is assumed to cause a hazardous debris density due to the large size of beams. Equations 25
- 29 in step 6 in Section 2.1 summarize the calculation procedure for total destroyed mass for each
material type.

1.2.23 Debris Trajectory Angle and Drag Effects

The debris trajectory angles to be used in the dispersion simulation are normally distributed.
A normal distribution of angles is recommended based on statistical sampling of the vertical angles
measured in the DOE/DoD funded test series (Reference 2). The mean of the normal distribution
should always be the normal to the surface measured relative 10 the horizontal. For most walls, this
angle would be 0 degrees. For a roof with no slope, this angle would be 90 degrees. The normal
for a sloped roof depends on the degree of slope. The standard deviation should be either 1.3 degrees
or 10 degrees, depending on the restraint of the wall or roof, the loading realm, and the material
type of the component. The limits to be used for specific combinations of these parameters are
listed in step 8 of the procedure outlined in Section 2.1. Although some combinations, such as
far-range loading of concrete walls restrained at the roof, were not tested, conservative limits were
determined. For example, a ca.eful examination of the horizontal spread of debris from a wall
which was restrained on the sides (not at the roof) provided the limits to be used for the loading
cases in which the roof is restrained.

The trajectory angles for Light metal walls and light brittle walls are assumed to be the same
as those discussed above for masonry and corcrete tests (normal diswribution with mean = normal
tothe surface and standard deviation = 1.3 degrees or 10 degrees). Predictions for the two lightweight
metal walls tested for the DOE/DoD program, which were made assuming the trajectory angle
distribution described above for walls not restrained at the roof, conservatively predicted the
measured maximum debris range. For bearns, a constant trajectory angle equal to the normal to




the wall or roof from which the beam originates should be used. The previously mentioned con-
servative debris range predictions made for beams from walls in two half scale tests were made
assuming a trajectory angle of 0 degrees.

Drag effects are accounted for in the MUDEMIMP code with a drag coefficient and a drag
area factor, the "k-factor”. The drag area is the product of the drag area factor and the "base"
presented area which is calculated for cach debris from the debris mass, density, and, in some cases,
a characteristic length. The base area is a face of the debris piece of interest, calculated assuming
a given debris shape, and is simply a convenient area with which to work. The drag area factor
works on the hase area to cause some calculated drag area other than, or equal to, the base arca.
Originally, the base arca was calculated in the same manner for all types of debris. In order to
reflect observed basic differences in breakup which are dependent on debris matenial type, this has
been changed so that the base area is calculated differendy for different types of debris.

Also, the original MUDEMIMP code randomly assigned a drag area factor and a drag
coefficient to each debris from separate input probability density distributions. However, a given
drag coefficient is only applicable for a given shape moving with a given presented drag area at a
given orientation. Thus, the drag area factor should be chosen to cause, as closely as possible. the
presented drag area of the debris mass which corresponds with the debris drag coefficient. Since
only the product of drag coefficient and drag area is important 10 the drag force (and thus debris
trajectory), the product may be input into the code in place of separate drag area factor and drag
coefficient inputs. The recommended code input for debris with three-dimensional breakup has
changed in this manner. For two-dimensional breakup, a constant average drag coefficient is
recommended, and the average drag area factor over all the debris areas is calculated by the code
for each debris assuming a square disc shaped debris. These two basic modifications are discussed
in more detail in Reference 2. Only the required inputs will be provided here.

A new input parameter, BKUP, has been introduced to distinguish between the possible
types of breakup. The default value for BKUP is 2 for two-dimensional breakup for which the
thickness of each debris is assumed constant and equal to the input wall thickness or masonry shell
thickness ("L"). This value is appropriste for all components which are expected to breakup with
some constant characteristic thickness. In these cases. no breakup is assumed to occur through the
characteristic thickness. A value of BKUP equal to 3 is input if three-dimensional breakup is
expected. Three-dimensional breakup causes fracture along all three planes of the debris, as with
reinforced concrete walls or plaster walls.

The input for the drag coefficient distribution for three-dimensional breakup (such as
reinforced concrete) is a uniform distribution varying between 1.0 and 2.0. For two-dimensional
breakup (such as masonry or corrugated metal), a constant distribution with a value of 1.5 is input.
The input parameter "L" for characteristic debris length is used to indicate wall thickness for metal
or reinforced concrete walls and shell wall thickness for masonry walls. The use of the "k-factor”
has been turned off by directing the user to input a constant distribution with a value of 1.0. The
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"k-factor” can still be used to change the effective drag area by using a distribution set to sotae
value other than 1.0, but this is only recommended when making a single debris run or when all
debris will translate with a specific orientation.

1.2.3 Debris Dispersion

A modified version (Version 1.1 or later) of the MUDEMIMP code (Reference 5) for
Multiple Debris Missile Impact Simulation is used to determine the hazardous debris distance and
debris dispersion for a building. The results of the component breakup and debris characteristics
prediction are used to create input for the MUDEMIMP code. Criginally written by Louis Huang
atthe Naval Civil Engineering Laboratory (NCEL), this code uses a probabilistic approach to include
variations and uncertainties of launch/flight charactenstics of each individual debris missile from
an explosion. It uses the Monte-Carlo randora sampling technique to select a set of launch/flight
parameters for cach debris piece. Itthen calculates the trajectory, impactrange, and terminal kinetic
energy of each piece based on the selected initial conditions. In addition to an output file containing
all input and output parameters for every debris missile simulated, the code also outputs either a
histogram of the accumulated number of hazardous debris as a function of impact range or a file
containing these debris density data, which can easily be imported to a spreadsheet for plotting a
histogram. Hazardous debris are defined as those debris with impact kinetic energies exceeding a
critical energy input by the user, ¢.g. 58 ft-1bs. Significant niodifications to the original code which
were made during this program are discussed in detail in Reference 2.

General input and output information is discussed in this section, but detailed input
descriptions can be found in Reference 5. Descriptions of the changes in input from the code version
described in Reference S are summarized in Section 2.1, step 8. Five main launch/flight parameters
are required to run the code: debris mass, initial velocity, initial trajectory angle, drag coefficient,
and drag area factor. The aciual input to the code is in the form of probability distributions which
describe the possible range of values for each major parameter. Parameters for each individual
debris piece are chosen by the code randomly selecting from the probability distributions. The
probability density functons recommended for the five main launch/flight parameters for concrete
and masonry debris are shown below. The inputs for debris dispersion predictions of components
construcied with other materials have been discussed in the previous sections.

. exponential -- debris mass

. normal -- initial velo~

. normal -- initial rajectory angle

. uniform or constant (depending on component material) -- drag coefficient

. constant -- drag arca factor (due to changes in code discussed below)




These distributions are recommended based on extensive statistical sampling of the data from
concrete and masonry tests conducted for this program. The drag coefficient for each individual
debnis simulation remains constant and is no: allowed to vary with Mach number because, for most
materials, the model is limited to considenng debris which fly in the subsonic speed region where
drag coefficient is not significantly affected by debris velocity (velocities less than 1000 fusec).
Above 1000 ft/sec, the drag coefficient increases with increasing velocity. Therefore, it is always
conservative to consider the drag coefficient to be independent of debris velocity. Other input
includes inital height of debris and characteristic length. All debris are assumed to be launched
from a single point. Refer to Secton 2.1 and References 2 and S for a more complete description
of the input.

1.2.4 Debris Tumble After Impact (Roll and Ricochet)

If debris thrown from an explosion impacts the ground at a shallow angle, it will ricochet
orroll after impact. Predicting the first impact location as the final resting place is very inaccurate
and uaconservative. Logic to calculate debris ricochet and roll distances from curve fits to test data
is incorporated i Version 1.1 of the MUDEMIMP code. The test data include tests on masonry
and concrete walls from both severe close-in loading and severe quasistatic loading. The curve fits
are discussed in detail in Reference 2. According to the roll and ricochet logic built into the code,
the total debris throw distance is the sum of the distance to the first impact and the roll distance.
The roll distance is calculated from the debris angle and velocity at first impact. Debris angle is
only considered to the extent that debris with an impact angle less than 55 degrees from ihe horizontal
are assumed t0 roll, whereas those debris impacting at higher angles are assumed not to roll. The
debris impact velocity is used with curve fits from the DOE/DoD test data (Reference 2) and other
data (References 6 and 7) to calculate the roll distance. According to the curve fits, the roll distance
increases with the impact velocity to the 1.9 power for reinforced concrete, and it incyeases bilinearly
with impact velocity for masonry. The curve fit which was developed in Reference 7 was used to
describe roll distance as a function of impact velocity for concrete debris because a slight scale
dependence was noted. The BKUP parameter, which is described in Secdon 1.2.2.3, causes the
model to differentiate bet./een concrete roll (roll of debris with three-dimensional breakup) and
masonry roll (roll of debris with two-dimensional breakup).

No curve fits of debris roll were developed for lightweight wall dzbris or beams. There
are not enough date available to develop curve fits. Initial attempts to predict measured debns
distances for tests of these materials, assuming no roll, significantly underpredicted the measured
distances. Predictions were also mads assuming roll similar to that of masonry. These predictions
compared conservatively to measured debris distances. Therefore, dispersion of all debris which
exhibits two-dimensional breakup, i.¢. breakup which does not include any fracture through the
beam thickness, should be predicted assuming debris roll according to the curve fit developed frr
masonry. Breakup of light walls and beams is assumed 10 be two-dimensional breakup.




Logic for ncochet (modelled after the nicochet logic in the FRAGHAZ code discussed in
Reference 8)is alsoincorporated in Version 1.1 of the MUDEMIMP code. However, the DOE/DoD
tests indicated the phe nomenon for building debnis was a combinanon of roll and ricochet of debris,
with an emphasts on the rolling effect. Use of the nicochet logic from FRAGHAZ did not cause
predicted maximum debris distances which were in good agreement with measured values from
test wall debris. Although the ricochet option is still in the MUDEMIMP code, the empirical roll
option is recommended for concrete and masonry debnis. Section 2.1 shows how to access eitker
option.

1.2.5 Hazard-us Debris Density

The manner ir. which debnis density is calculated by the MUDEMIMP code has been
modified in Version 1.1 to allow a more realistic horizontal spread of debris ana to calculat= debris
density based on the cumnulative number of debris which have passed throughana : The use of
a cumulative number of debris recognizes the hazard caused to verucal targets by lov. u1.gle debris.
The MUDEMIMP code calculate s the minimum siting distance for protection from hazardous debris
as that distance at which there are no more than one hazardous debris (having a kineuc energy of
at least 58 fi-1b, or any critical energy defined by the user in the input file) per 600 square feet.

Tk - MUDEMIMP code previously determined densiiy by assuming square collection bins
with the dimensions of 24.5 feet, the square root of 600 square feet. No consideration was given
to the observed change in horizontal deviation off the normal to the responding component with
change in distance downrange from the component. Also, the densities were not previously
cumulstive, i.c. debris passing through the vertical area above the bins were not included in the
densirty calculatons. Therefore, the previous version of the MUDEMIMP code was conservative
in its calculaton of bin ares, but unconservative in its calculadon of number of debris within a grid,
compared with the new version to be used in the debris dispersion model. To obtain a more realistic
estimate of debris density, several modifications were made to Version 1.1 of MUUDEMIMP.

The firststep in the logic that MUDEMIMP Version 1.1 now uses tc calculate debris density
is to divide the distance downrange from the center of the building into seg ments using a specified
segment length., All debris landing within each scgment length are assumced to land in the same
grid. The debnis density is the cumulative number of debris landing within, or passing through,
each segment divided by the grid area associated with the segment.

The specified segment length is defined by a new input parameter, GRIDL. This parameter
is equal to the destroyed width of the componeat (Equation 30). For close-in loading of concrete
and for all masonry loading, the destroyed width, GRIDL, is calculated assuming that all the debris
is ejected from a circular disk ous of the wall centered opposite the charge. GRIDL is equal to the
diameter of this disk. For far-range loading of concrete, GRIDL is equal to the wall width since
debnis may be ejected from any portion of the wall fo: this type of loading. The grid area associated
with each segment length is a trapezoidal area where the aldtude of the trapezoid is equal 1o the
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segment length (GRIDL)), and the sides of the rapezoid perpendicular to the aldtude extend between
the angles along the grourd radiating outward from either side of the total destroyed width of the
building wall. This is illustrated in Figure 1. Thus, the widths of these sides of the trapezoid are
defined assuming debris is thrown out from the edges of the destroyed component width (GRIDL)
at a maximum five degree honizontal spread angle. The five degree angle was established based
on the horizontal spread of debris observed in Swedish tests of reinforced concrete rectangular
buildings exposed to internal detonations (Reference 9) and on the measured horizontal spread of
debnis in the tests conducted for DOE/DoD. This is discussed in more detail in Reference 2.

The area of each trapezoidal bin is divided into the cumulative number of debris passing
through, or landing within, the segment length to determine the debris density at the midpoint of
the segment length. Only critical debris are totaled. The calculated density is then converted by
the code to a number of debris per 600 square feet.

1.3  Model Constraints

The predictive model provides conservative estunates of maximum and hazardous building
debris distances which can be expected following an accidental explosion. The mode!l is based
largely on curve-fits to data collected from small scale tests and full scale tests. Therefore, the
confidence level in the model is highest for conditions similar to the testing conditior.s. Some
cxmapolaton beyond these regions seems necessary in order to provide a flexible model. Data
other than that in Reference 2 are very limited and do not consider all the broad range of building
materials and possible loading conditions present at DOE and DoD facilities. The most probable
or 1nost common conditions were considered. Practical limitations such as available debris col-
lecdon area and charge weight limitaticns did not allow some parameters to be tested throughout
all the realms that may be of importance to debris throw from explosives operations buildings.

In order to create a model with an acceptable degree of flexibility (ard thus a reasonably
wide range of applicebility) from the data which were collected, data gaps are filled by using
conservative analytical procedures or by limited extrapolation of curve-fits to data. Use of the
model outside the limits of the test data but within the limits called out in this section has been
carefully analyzed. Itis judged that use of the mode! in this region will produce conservative results.
This analysis is discussed in Reference 2. Extrapolaton of curve-fits is only used where no
acceptable analytical approach or test data are available.

Since test data for dispersion of building debris for situations outside the limits of the model
are extremely limited, extrapoiation of the model 10 analyze situations outside the limits discussed
here must be approved on acase-by-case basis. Such extrapolation should be done with considerable
care and engineering judgment. Specific limitations on the use of the model are summarized in the
remainder of this section.
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1.3.1 Charge Weight Limitations

The mode! is limited to use for charge weights equal to, or less than, 250 pounds TNT
cquivalent. Supporting tests used only bare spherical explosive charges so the methods described
in this paper for determining loads on a surface apply to these type charges. However, the thrust
of the modei is the preCiction of hazardous debris distance. The procedure for determining this
distance, beginning with the calculaton of maximum debris velocity, can be applied to loads pre-
dicted by methods oiher than those described herein. The user should predict loads using the best
method known for a particular explosive configuraton and should thoroughly document any
assumptions made regarding charge characteristic s and location. One should note that the use of
the SHOCK code in dutermining loads automatical'y means a spherical charge is being assumed.
If an equivalent spherical charge is known or assuiaed to be the case, one can follow the load
predicton procedure presented in steps 1 through 4.B of Secton 2.1. If a different procedure is
known for a different charge configuraton (e.g., cylindrical or multiple charges), the user would
use the loads determined using that procedure and begin at step 4.C in Section 2.1 to obtain the
hazardous debris distance. Some information on loading prediction techniques for other charge
configurauons is provided in Reference 3.

As mentoned, the model may be used for buildings with muldple charges (totaling no
more than 250 pounds) if the combined impulse on a component from all the charges which may
sympatheticelly (etonate is conservatively calculated on a case-by-case basis. The reduction factor
(discussed in Section 1.2.2.1) which may be applied to the maximum velocity of concrete and
masonry debris shall be taken as 1.0 (no reduction) for any charge shape other than spherical and
for cases where multiple charges are sympathetically detonated. Since use of the SHOCK code
implies a spherical explosive configuration, the reduction factor should be used if this code is used
to predict loads for concrete or masonry debris.

The largest scaled charge weight used in the DOE/DoD test series scaled to 200 pounds
TNT at full scale. The charge used was Composition C4 explosive for which the TNT equivalency
factor has beer. measured. This measured factor was used to determine the amount of C4 to use to
mode! 200 pounds. Because DOE uses a common factor of 1.3 to convert any high explosive to a
TNT equivalent wr ight, the amount modeled by the largest charge weight tested corresponds to
240 pounds. Extrapolating this value to 250 pounds is reasonable considering the loading differences
expected for a 10 pound difference in charge weight for this magnitude of explosive amount.
Therefore, this charge weight is taken as the limit for the model.

1.3.2 Scaled Charge Standoff Limitations

The model is limited to use for scaled charge standoffs greater than 0.5 fu1b'?. This is the
smallest scaled standoff used in the test series. Also the standoff is limited to at least 1.5 feet. This




is the smallest full scale standoff used in the test serics and it is less than the minimum required
standoff in most buildings. The minimum standoff limitation is primarnily intended to prevent the
model from use for situations involving small charges nearly in contact with the wall.

1.3.3 Debris Material Limitations

Only building debris dispersion may be calculated with this model. Dispersion of primary
debris, such as that from bomb casings, and secondary debris, such as unconstrained or constrained
objects located close to the charge, must be calculated using other methods such as those in Reference
3, and must be approved on a case-by-case basis. Calculation of door trajectories, for example, is
not covered by this model, but Reference 3 or 4 can be used to determine the throw distance for
suchitems. Roll, similar to the roll of masonry debris, should probably be included in the calculation
of the total stopping distance of doors. This recommendation is based on results of some highly
confined tests conducted as part of the program described in Section 3.0. These tests were conducted
in a box consisting of three nonresponding walls, a nonresponding roof, and a reinforced concrete
testwall. The concrete wall, which would be similar toa steel door in a reinforced concrete structure,
moved out from the box as one large unit and did exhibit roll characteristics. The descriptions of
these tests in Refererice 2 would be useful to someone analyzing door trajectories.

Building components constructed of reinforced concrete, unreinforced masonry, light-
weight metal panels, and cement asbestos panels may be analyzed using the model. Components
of other materials, such as reinforced masonry, may be analyzed if debris throw is judged to be
conservatively estimated by debris throw from an equivalent component constructed of the materials
listed above. All factors important to debris dispersions, such as mass per unit area and strength,
must be conservatively estimated for the component of interest by the equivalent component.

Buildings with no lightweight components which quickly relieve the quasistatic buildup
in the building as they fail must be analyzed with the model using caution. Specifically, such
buildings where the vent panel (the component with the least weight per unit area) is a reinforced
concrete wall are not addressed in this paper. Reference 2 contains further discussion on analyzing
this type of structure. Scaled testdata for such situations show that the model calculation procedures
do not account for sorne phenomena which may occur for this case. In the tests it was observed
that as the large quasistatic load vented through narrow hinge lines in the reinforced concrete test
walls, the air flow imparted additional velocity to debris near the hinge lines causing much higher
velocities than those predicted by the model. However, the number of debris traveling at these
higher velocities is gencrally low relative to the total number of debris produced so they probably
will not set the hazardous debris distance. In cases of high confinement such as those discussed
here, the user should keep in mind that the default criteria apply when constraints of this model are
exceeded.




1.3.4 Maximum Debris Velocity Limitations

The general use of the model 1s limited to consideraton of debris at velocites less than
1000 ft/sec. At velocities greater than 1000 fusec, drag forces on the debris significantly change
from those assumed by the model. The excepdon to this limitation is debris resulting from the
breakup of corrugated metal walls or roofs. Two tests were conducted on corrugated metal walls
as part of the DOE/DoD test program (Reference 2). The test data are obviously limited, but
velocities higher than 1000 ft/sec were measured for these tests, both of which used a TNT equivalent
charge amount of 25 pounds in half scale (at different standoff distances from the wall). Based on
these limited data and the conservative method used by the model to predict throw distances for
this type of debris, the mode! can be used for higher velocities for corrugated metal components.
The full scale charge limit of 250 pounds alone should be used for this type of component without
applying an additional velocity limitation.

2.0  Guidelines for Using the Model

Three computer codes -- SHOCK, FRANG, and MUDEMIMP -. are required to use the
model. The versions of SHOCK and FRANG used during model development are the versions
obtained from NCEL and are designed to run on a personal computer (PC). Version 1.0 of SHOCK,
with the last NCEL modification dated 10/21/87, or later, and the Waterways Experiment Station
(WES) version of SHOCK are acceptable. The final release of Version 1.0 of FRANG, dated
8/29/88, or a later version may be used. The MUDEMIMP code obtained from Louis Huang when
he worked at NCEL was designed to run on a mainframe VAX computer. For much of the model
refinement task, MUDEMIMP was run on a VAX 780 so that the appropriate graphics routines
(from a proprictary graphics package) could be utilized. A PC version of MUDEMIMP, Version
1.1, has been created which will provide the same output except it has no graphics capability. The
PC version does, however, create an extra output file containing the data necessary to create a final
density histogram of number of hazardous debris as a function of distance in a form convenient for
importing into a spreadsheet.

2.1  Step-by-Step Approach

Step-by-step guidelines for using the model to determine proper siting distance for a
building follow. More complete descriptions of the analysis used to establish these steps and the
tests used to collect the backup data can be found in Reference 2.

1. Define the threat. Describe all the stmuctural components which comprise the
building. Define the cxplosive charge amount and location. Generally, for siting
purposes, the charge location should be a plausible worst case location which would
cause the worst case debris formation. Some trial and error may be necessary to
define this location. All assumptons and known information regarding charge
characteristics and location should be documented (see Section 1.3.1).
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Determine vent areas and descriptions. Define both covered and open vent areas

and the weight per unit area of the covered areas.

. Establish the loading condition of

Calculate the impulse load on each component

the component being analyzed. Two types of loading are possible: close-in loading
and far-range loading. The methods of calculating the load for each case are sum-
marized here.

A.  Shock Impulse (i,)

1)

2)

Brittle matenials with significant strength (reinforced concrete)

a)

b)

Close-in (0.5 f1b'”? < R/W'? 5 1.0 fu1b'?)
where R = charge standoff distance (ft)
W = equivalent TNT charge weight (Ib)

SHOCK code -- impulse and duration at point on component
opposite the charge location

Far-range (R/W"? > 1.0 fuIb'?)

ifR2L/4 ft,
SHOCK code -~ average impulse over full component (L =
component width in ft)

if R <L/4 ft,
average impulsc over local component area of 2R x 2R directly
opposite charge (L = component width in ft)

Brittle materials without significant strength (unreinforced masonry,
plaster, built-up roof)

Both loading realms — SHOCK code impulse and duration at point
opposite the charge

if 2.5 fIb”? < R/W'? < 5§ fy1b'™", multiply SHOCK impulse by
factor 1, 10 account for observed unconservatveness of SHOCK
code in this loading realm, where

L= 0.4 (R/W'?) (1)

L emi




if R/W'? 25 filb'”", multiply SHOCK impulse by 2.0 to account

for observed underesumation of SHOCK code in this loading
realm

*Note: Do not use when calculating shock loads for use in the
FRANG code. These checks on scaled standoff and the use
of multiplicaton factors on the impulse only apply to point K
shock loads, not average loads. '

3)  Ducdle materials (steel beams, corrugated metal panels)

Both loading realms -- SHOCK code average impulse over the beam or
metal panel with the highest loading

B.  Quasistatic Impulse (i)

The FRANG code is used to predict i,. Version 1.0 (rcleased 8/29/88) of
FRANG does not consider combined covered vent areas. Only one covered
vent area can be input. The method presented here of running the code twice
to determine a conservative estimate of quasistatc impulse is due to the Lim-
itatons of this version of FRANG.

1)  Bnttle matenial with significant strength (reinforced concrete) and brittle
material without significant strength (unreinforced masonry, plaster,
built-up roof)

a) Close-in (R/W' < 1.0 fu1b'?)

aa) Run FRANG with vent panel = vent component; the vent
component is the building componcent with the least weight
per unit area; use appropriate FRANG parameters for vent
component '

ab) Run FRANG with vent panel = local component area
opposite the charge; input appropriate FRANG parameters
for local area; local arca dimensions are 2R x 2R (modified,
if necessary, for height of the charge off the ground) and
area is centered on the component directly opposite the
charge

#c)  Uselesserof total quasistatic impulse from aa) or quasistatic
impulse at critical vent time, indicated on FRANG output
as "AMAX", obtained using procedure in ab)




b)  Far-range (R’'W' > 1.0 ft1b'?)

Run FRANG with vent panel = vent component as in aa) above;
use towal gas impulse unless vent component 1s the component of
interest; if vent component is cormponent of interest, use impulse
at "AMAX"*

. If "AMAX" does not appear in FRANG output, use the total
quasistatic impulse

2) Ductile material except steel beams (corrugated metal panels)

For both loading realms, calculate impulse in the same manner as 1b)
above for bnittle matenials, far-range loading realm. If the ductle
member is a door with a weight per unit area which differs from the vent
component weight per unit area by a factor of 2 or less, use the gas
impulse at "AMAX". The door w:li not receive the full gas load in this
case. If the door weight per unit area is greater than twice the vent
component weight per unit area, use the total gas impulse.

3)  Stzel beams

Do not include any quasistatic impulse because the material supported
by the beams will vent much more quickly. The full quasistatic impulse
would not be applied to the beams. In many instances, the beams will
not even break away from the structure. The trajectories for beams or
similar ductile members should still be determined in case these members
do break free and become missiles.

ig = 0.0 psi-sec
Calculate 1 . iebris veloci I
The basic form of the velocity calculation is

(1/Ry(i/m) )

where i is the total impulse, m is the mass per unit area of the component, and R, is
the appropriate reduction factor. The equations and guidelines for calculating R, are
summarized below. This factor should be used whenever the SHOCK code has been
used to obtain the shock impulse, i,.
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Reinforced Concrete:

R’ = (iy/m)(duration)’/(f )"’ (3)

R,=[2.8-214(R)} forR’<(.084 (inch¥/sec®1b%%)"

R=10 for R"20.084 )

Unreinforced Masonry:

R’ = (i/m)(duration) (5

R =[1.7-1.3(R") for R" < 0.54 (inch)’

R,=10 forR’20.54 (6)
*Note: These dimensions can be artained for (/m) in inch/sec, duration in

seconds, and the concrete compressive strength, {7, in psi.
The specific guidelines for determining velocity follow.

A. Calculate relevant shock impulse (i’,)
(Determine whether reduction factor, R, should be used.)

i)  Brittle materials with significant strength (reinforced concrete)
a) Close-in R/W" < 1.0 ft1b'?)
Use impulse and duration from SHOCK and component mass per

unit area and compressive strength to calculate reduction factor
(R, from curve-fit for reinforced concrete, close-in load

i,=i,/R )]
b)  Far-range (R/W' > 1.0 fib'?)
=i, ®)

2)  Brittle materials without significant strength
(unreinforced masonry, plaster, built-up roof)

For both close-in and far-range loads, use impulse and duration from
SHOCK and component minimum mass per unit area to calculate the
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3)

reduction factor (R,) from curve-fit for unreinforced masonry. The

minimum component mass per unit area is explained in Part C of this

section. If the brittle matenal is not unreinforced masonry, use R; = 1.0.
i,=1,/Ry )]

Ductile materiais (steel beams, corrugated metal panels)

For both close-in and far-range loads

¥ =i, (10)

Calculate the total relevant impulse (iy)

iy =i+ 1, (an

Calculate the maximum debris velocity (V,,). Use consistent units.

1)

2)

3)

Solid components (except steel beams)

Veueip/m (12)
where m = component mass per unit area

Hollow components

Ve, =ir/m’ (13)

where m’' = minimum mass per unit area

m’ is the mass per unit area of the sum of solid portions through the
thickness of the hollow block where this value ic a minimum.

Steel beams

This velocity calculation is taken from Reference 10. Figure 2 provides
illustrations of four commonly used structural steel members. Consult
this figure for further descriptions of the parameters used in Equation
(14).

Van = [T/p1'?[-0.41 + 0.41(i; L b)/((pT)'? A)) (14)
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4)

where Voa = beam velocity (in/sec)
i = total reievant impulse (psi-sec)
T = beam material toughness (Ib-in/in®)

= 12000 Ib-in/in® for miid steel
(toughness is the arca under the material stress-strain
curve at failure)

L = beam length (inch)

b  =largestbeamcross-sectional dimension which could
be blast loaded (inch)

L =QL)

A  =beamcross-sectional areain the plane perpendicular

to the long axis (inch?)
w = weight per unit length of beam (1b/in)
g = gravity constant (in/sec?)
p  =w/Ag (Ib-sec’/inch)

for (i,L°*b)/((pT)'?A) > 9.0

Voo, = (ith) / (PA) (15)

* A calculated zero or negative velocity indicates the beam does not
fail and, therefore, no further considerauon of the beamis required.

Doors

The distance aveled by a door can be determined using methods such
as those described in Reference 3. The door should not be added into
the debris densities for the other building components to establish haz-
ardousdistances. The distance traveled by the door should be considered
on its own since the door is such a major fragment. In most cases, one
would want to design a shield or barricade to stop the door from traveling

very far.

Calculate the average velocity and velocity standard deviatdon.

The average debris velocity and debris velocity standard deviaton used to
define the normal velocity distribution are calculated directly f~>m the max:-
mum debris velocity.

Average velocity: Vg = (0.6) (Vi) (16)

Velocity standard deviation: V0 =(0.14) (Vo) (17)
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S. Calculate the average debrs weigh:. The parameter used as input for the MUDE-
MIMP code is actually a weight and not a mass. However, the MUDEMIMP ccde
refers to this parameter as a mass. The code converts the weight to a mass internally.
The empirically based equations for average debns weight, im,,, are in the form
shown below for concrete and masonry debris. For steel beams, the debns 15 con-
sidered to be the entire beam with a mass equal to the bearr. mass. For lightweight
metal panels, the mass is assumed to be uniformly distributed between the values
m,,, and m,,, shown below.

m,,, = M” (volume) (density) (18)
where M’ i5 a factor based on fits to data.

The spcc1ﬁc equations for reinforced coacrete and masonry walls are shown below.
If using English units, m,,;, m, mg,,, and Mg, should be in pounds.

Concrete:
m,,, = 0.10 [(rebar spacing)’ (cover thickness) (density)] (19)
Masonry:
m,,, = (M’) [(shell face thickness)’ (density)] (20)
where M’ is related to maximum debris velocity, V,,
M’ =98.5-0.74(Vg.,) for Vg, < 120 (fusec) 29
M’'=10 for Ve, 2 120
Steel beams:
m = total beam mass (22)
Lightweight metal panels:
m,,, = total panel mass (23}
m,,,, = one-quarter of the total panel mass (24)

6.  Determine the effective destroved weight of the component (wall or roof). The
MUDEMIMP code requires the input of the total destroyed mass of the component.
Again, this parameter is actually input as a weight and then converted to mass within
the code. The main use of this input by the code is to help define the input mass




distribution anu establish the adjustment factor to get the appropriate number of debnis
(as adjusted from the 5000 simulations). The effective destroyed mass is determined
as follows:

Total effectve destroyed mass = T (total component weight) (25)
where the component is the wall or roof being analyzed and T’ is calculated
as follows. If using English units the total effective destroyed mass is in
pounds.

Reinforced concrete with close-in loading (R/W'” < 1.0 fu1b'?):

T=10 V, > 353 fusec
T’ =0.00308(V,) - 0.089 45 <V, €353 fusec (26)
T =0.05 V, <45 fusec

where V, = i'/m or pc.acn of V,, due to shock
impulse

Reinforced concre'e with far-runge loading (R/W'® > 1.0 ftAb'?):

T =0. Vu 2 45 fUsec
T = 0.05 V., < 45 fsec Q@n

Unreinforced masonry and plaster:

T=10 V 2190 ft/sec

T = 0.00655(V ous) - 0.245 45 < V. < 190 fusec (28)
T =0.05 V s < 45 fUsec

Lightweight metal panels and steel beams:
T=10 (29)

" L B4

Assumc a circular destroyed area equel to the total #ffective destroyed mass divided
by the component weight per unit area. If English units are used, the width should
be in feet.

GRIDL = N((&/n)(total effective destroyedmass ) (weight perunitarea))  (30)
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8.  Run MUDEMIMP 1o determine hazardous debrs distance. The main input

parameters are summanzed below.

Density Function Limits l

Parameter

Exponential for m,,
congcrete and
masonry
Uniform for lightweight metal Mg Mgy,
panels
Constant for beams total beam mass
Total Mass No distribution toual effectve destroyed mass
Initial Velocity Normal mean = Vet =06V,
sd = v“ = 0.14(Vmu)
Constant for beams Veu
Initial Trajectory Normal mean = the normal to the surface mea-
Angle sured relative o the horizontal

sd” = 1.3 or 10 degrees

Constant for beams angle = the normal to the surface mca-
sured relative 1o the horizontal
Drag Area -z Constant 1.0
Drag Cos . i .. Uniform 10,20
(3-ditrwr.a.unal
breakup)
Drag Coefficient Constant 1.5
(2-dimensional
breakup)
Drag Coefficient Constant 1.8
(beams)
. sd = standard deviation
sd = 1.3 degrees (a) close-in loading of concrete, masonry, and plaster
components
(b) far-range loading of masonry and plaster com-
ponents
(c) far-range loading of concrete components not
restrained by the roof
sd = 10 degrees (a) all loading of corrugared metal components
26




(b) far-range loading of concrete walls restrained at
the roof
(¢) all roofs

The general form of a MUDEMIMP input file is included here. For further
descriptions of those variables unchanged in Version 1.1, consult Reference 5.

NE,INE

NMCV, TOTMASS, INTRPFX,RKE,ID, RANDM
Tide

FT LBS SEC FT-LBS
MASS EXPONENT m,,
VELOCITY NORMAL ~ V,, V.,
ANGLE NORMAL mean std
COF UNIFORM 1.0 2.0
KFACTOR CONSTANT 1.0
END

1 150.

730

810

1010

1230

19-15.0

The parameters and in the first three lines are:

NE =  number of clements to be run (use 1)

INE = number of repeated executions (use 1 because confidence
in the statistical distributions is taken care of using a value
of 5000 for NMCV)

NMCV =  number of random Monte-Carlo simulations (use 5000)

TOTMASS= total effective destroyed mass

INTRPFX =  type of curve smoothing to be used in histogram plots (does
not apply to PC Version 1.1 of MUDEMIMP; use 0)

RKE =  critical kinetic energy (for current criteria, use 58)

ID =  "OUTPUT" if trajectory output is desired

RANDM =  inidal random seed 10 be used in generating parameter
distributions (use 14555568.0)

Title =  user's input for the dtle of a run
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Other key input parameters in addition to the probability density funcoons and those
parameters described above include material density, launch height, wall thickness,
type of vreakup (two or three dimensional), and grid length for use in determining
hazardous debris density (calculated in Step 7). The other parameters all have default
values assigned to them within the code. 1f the user wishes to change the default
value of any parameter, he or she must include the change in the input file. This is
accomplished by calling out the positions of the parameter array (NL) to be changed
and indicating the values to be assigned to those parameters which need 1o be different
from the default values (see the example problems in the Appendix). Parameters not
to be changed need not be entered. A negative sign must be placed in front of the
value for the last parameter input to indicate to the code that input is complete. A
summary of the parameters in the NL array, including parameter descriptions and
default values in bold print in parentheses, is included here. The code allows input
of English or metric units. The units are indicated on the fourth line of the input file.
If units of feet/pounds/seconds are not used, the indicated default values will not
apply, and all parameters listed here will need 10 be input with appropriate values.

D = density of debris material (490. tby/R%)
N = number of angular intervals for the upward portion of the trajectory (10)
CO = ambient sound speed (1116.4S ft/sec)
DO = ambient density (0.076474 lbs/N%)
G = acceleration of gravity (32.174 fUsec?)
ES = encrgy conservation factor (32.174 ft/sec’)
BKUP = breakup factor (=2 for 2-dimensional; =3 for 3-dimensional) (2)
WIC = ricochet factor (=0 for first impact distance only, =1 for including empirical
roll, =2 for including FRAGHAZ ricochet logic) (1)
9 B = fragment shape factor (0.)
10 L = wall thickness or shell thickness for masonry (0. ft)
11 X = initial horizontal coordinate for fragment (0. ft)
12 Y = initial vertical coordinate for fragment (0. ft)
13 X9 = maximum x-coordinate allowed for trajectory (0. f)
(the default value indicawes nc maximum x-coordinate will be considered)
14 Y9 = minimum y-coordinate allowed for trajectory (0. f1)
15 ) = print control variable (0)
16 1 = angular increment for the upward portion of the trajectory (0 degrees)
17 12 = angular increment for the downward portion of the trajectory (0 degrees)
18 N2 = number of angular intervals for the downward portion of the trajectory (0)
19  GRIDL= effective destroyed width equal to one iength of simulated collection bin
24.5n)

Normally, for the use of the MUDEMIMP code in the prediction model, the user
would only need to input changes for the parameters D, Y, L, BKUP, and GRIDL.

00 ~JOW AL WA
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The Y parameter is the average launch height for the wall debris with the highest
velocities. It is recommended that this be set equal to the height of the charge for
close-in loading and the mid-height of the wall for far-range loading of concrete,
masonry, and other brittle materials. The beam height and mid-height of the most
highly loaded panel should be used for ductile debnis. For roofs, the Y parameter is
the height of the midpoint of the roof.

As stated above, the wall thickness, or the thickness of one shell for masonry, should
be input for L. For steel beams, L should be determined based on the expected
presented area:

L = mass / ((density) (arca))

‘Three-dimensional breakup (BKUP = 3) appliss when no typical dimension char-
acterizes debris thickness. This is recommended for concrete and plaster wall
breakup. Two-dimensional breakup (BKUP = 2) applies when a dimension, such as
the wall thickness or masonry shell thickness, characterizes typical debris thickness.
This is recommended for materials such as metal panel walls, built-up roofs, steel
beams, and masonry breakup.

The exact form of an input file for MUDEMIMP is illustrated in the example cal-
culations in the Appendix and in Reference 2.

The model is run for each component of a building. The two key cutput files from
the PC version of MUDEMIMP are MIMP.HIS and MIMP.OUT. The MIMP HIS
file contains two columns of data which can be plotted 1o provide a histogram of
number of hazardous debris per 600 square feet as a function of distance. The first
column contains the midpoint of each grid established by the program based on the
user's input of the destroyed width of a surface, GRIDL. The second column contains
the number of hazardous debris per 600 squere feet found in cach grid  Although
the current PC version cf this code does not produce a plot, the data is in a format
which can easily be imported to one of several common spreadsheet programs to
obtain a histogram. This file also indicates the hazardous debris distance and the
maximum impact distance of any debris for a particular run.

The number of hazardous debris in a certain direction will be the graphical sum of
the number of hazardous debris from the wall components facing that direction and
half of the roof hazardous debris. The graphical sum is obtained using the histograms
for the wall and the roof. Half of the roof debris are used since potentially half of
these debris could contribute to the hazard in a particular direction.




The MIMP.OUT file contains the code selected values of debns charactenstics for
each debns simulated in the run. This file can be used to examine further details
about the debris landing farthest from the source, the debris with the highest inital
angles, or other specific debns.

2.2  Interpretation of Results

The debris siting criteria in DoD 6055.9-STD (Reference 1) require siting of inhabited
buildings at distances at which there are no more than one hazardous fragment per 600 square feet.
A hazardous fragment is defined as one having a kinetic energy of 58 fi-1b or greater. The manner
in which this hazardous fragment density is determined has varied from one hazards analysis to
another, especially in the calculadon of fragment densites involving building debris. A standard
procedure for calculating building debris density is needed to determine compliance with the safery
criteria. The method now included within the MUDEMIMP code reflects debris spread expected
from actual accidents based on deoris data collected as part of the DOE/DoD funded test program
and on Swedish test data from internal detonations within reinforced concrete buildings (Reference
9). This method is discussed in more detail in Section 1.2.5.

The output of the MUDEMIMP code is either a histogram showing number of hazardous
debris per 600 square feet as a function of distance or a file containing two columns indicating (1)
distance to centers of defined code collection bins and (2) number of debris landing in each bin.
This file can then be imported to a spreadsheet program to create a histogram from the data. Thus,
after working through an analysis of a building, the final result for each building component will
indicate not only the maximum distance at which therz is no more than one fragment per 600 square
feet, but also the distribution of hazardous debris expected following an accidental internal deto-
nation. In addiuon, the furthest distance traveled by any simulated debris piece is indicated in the
output file.

Empirical relationships are used throughout the mode! to determine input for the dispersion
code. These curve fits are based on reinforced concrete und masonry data measured during the test
programs described in References 2 and 7. A best fit through the data was always used. Thus, the
final predicted debris distances were not always conservative for each test To establish a 95%
confidence level in the conservatism of the final predicted distance, based on these test data, a safety
factor of 1.3 should be applied to the predicted hazardous debris distance for concrete and masonry
components. This factor accounts for scatter between the test data and the curve fits, and the
expected variation between accidents. It differs from the practice of applying a factor of 1.3 to the
net explosive weight to convert it to an equivalent TNT weight and then applying a safety factor
of 1.2 before making any loading or debris calculatons. The first factor of 1.3 (or the actual TNT
equivalent factor) should still be applied to the net explosive weight; however, no other multipli-
cation factor should be used on the charge weight.




The final safety factor of 1.3 is based on a staustical analysis of the ratio of predicted
maximum debris distance to measured maximum debris distance for 22 reinforced concrete and
unreinforced masonry tests. Of these 22 tests, 8 maximum distances were underpredicted (resulted
in aratio less than 1.0). The initial significance of the value of 1.3 is that this number is the reciprocal
of the lowest ratio of predicted to measured maximum distance, i.c. the most unconservative case
out of the 8 referenced tests is underpredicted by 30%. The safety factor of 1.3 applied to each of
the 8 data points was then statistically examined. The ratios of predicted distance (including the
applied safety factor) to measured maximum distance were fit to a Weibull distribution to determine
the certainty with which the model will produce conservatve results. Confidence levels of 90%
and 95% were tested for reliability in the model. A confidence level of 95% was selected based on
the results of this analysis. If distances predicted by the model are multiplied by a safety factor of
1.3, one can be 95% confident that only 11.6% of the predicted maximum distance values would
be less than the corresponding actual distance values (i.c., ratio less than 1.0). It is imponant to
note that the safety factor of 1.3 should only be applied to distances predicted for concrete and
masonry debris. No safety factor should be used for the ductile material debris covered by the
model. Comparisons of predicted distance to measured distance for these materials indicates the
predictions are already conservauve (Reference 2).

The maximum and hazardous debris distances (including the safety factor) foreach building
component are then examined to determine the siting distance required in each direction around
the building. The roof debris is generally distributed equally in four directions, and the model can
distribute debris in two dimensions only. The debris for a given direction should therefore include
debris from the component facing that direction and half of the roof debris. The hazardous distance
in any direction is determined by summing the number of debris from the component facing that
direction (including all debris from that component) and half of the roof debris, and using this
number to calculate debris density. Although the hazardous debris distance in each direction will
govern the siting distance, the maximum debris distances are informative and can be impontant if
more stringent siting criteria are enacted for any reason. One exception to the use of the hazardous
debris distance in governing the siting distance is the analysis of a building containing one or more
components composed of steel beams. The maximum debris distance predicted when meking single
debrnis runs with the MUDEMIMP code (all probability density distributions set as constant) for
steel beam debris should be compared to the hazardous debris distance (based on hazardous debris
density) predicted for other debris in a given direction. The greater distance of hazardous debris
distance or maximum steel beam debris distance will set the siting distance in each direction.

3.0 Supporting Test Program

An extensive test program was conducted to obtain data on debris characteristics and wall
failure patterns for the wall types most commonly found in DOE facilites. The test programincluded
full, half, and quarter scale tests of reinforced concrete, unreinforced masonry, and lightweight
metal walls. Wall thickness, reinforcement details, and concrete strength were varied in the concrete
wall tests. The masonry wall tests included tests of various geometries of clay tile walls and full
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and quarter scale concrete masonry unit (CMU) walls. The tesang was high!y concentrated on
concrete and masonry wall breakup, but two corrugated metal walls and one metal stud wall were
alsotested. Although the metal walls were all tested in a fully vented (open air) configuradon, three
different loading conditions were used for the concrete and masonry walls: fully vented, parually
vented, or closed. Three separate test fixtures were used to allow testing of different scales and
loading conditions. Theexplosive charges used varied inamount from 0.2 1b10 25 1b TNT equivalent.
Due 10 the different scales of tests conducted, the full scale range of charge weights varied from 12
1b to 200 1b. Further details of these tests and complete data summaries can be obtained from
Reference 2.

3.1 Data Collection

Much of the data collected in the test program were debnis characteristics from quarner
scale reinforced concrete or unreinforced masonry walls subjected :0 either close-in loads (scaled
standoff distances less than 1.0 fU1b'?) or a large quasistatic load. These two general loading
conditons will cause the worst case debris distances. Other loading conditions, such as far-range
loading without large quasistatic loading, will cause considerably less building component damage.
Since the data for these other loading scenarios wers either very limited or nonexistent, the use of
conservative methods 10 estimate debris dispersion in the model is acceptable for these cases.

The two main methods of debris data collection consisted of data measured directly from
a test bed divided into a large grid and data measured off high-speed films of the event. Each of
the test fixtures was set up at the end of a large test bed. Following a test, debris were collected
within designated squares of a grid designed to cover the debris spread from each test. Average
mass, number of debris coming to rest at a certain distance, maximurn debris distance, hazardous
debris distance, and horizontal spread of debris out from the test component were all determined
directly from the collection of debris in the test bed. Other data including wall response charac-
teristics, debris velocity, vertical debris trajeciory angle, and debnis roll and ricochet after impact
were measured using high-speed films of each test. Vertical background grids placed on the edge
of the test bed were used as a reference in making the measurements. Debris velocities, angles,
and sizes were sampled off the high-speed film at selected intervals to obtain appropriate samp'e
sizes on which to perform statstical goodness of fit tests. These tests were used to establish the
probability density distributions needed as input 1o the MUDEMIMP codz.

In addition to the component breakup and debris data collected, internal and external blast
measurements were made for the confined tests conducted. One of the test fixtures was a
concrete-filled, steel box with two open ends in which differeat wall components could be placed
to model various venting conditions. The box fixmre was instrumuented with four reflected blast
pressure gauges and three quasistatic pressure gauges for internal load measurements. These loads
were measured so they could be compared to the loads predicted using the SHOCK and FRANG
computer codes.




3.2 Model Refinement from Test Data

The test data from the DOE/DoD program were analyzed to refine the parameters in the
predictive model which were being predicted with an inadequate ievel of confidence. These
parameters were mainly the building component breakup parameters, including debris initial
velocity, initial trajectory angle, and mass. The data were also used to devise a method 0 account
for debris roll and ricochet after first impact and to verify loading prediction techniques. These
factors are vital to the mode! because debris dispersion is heavily dependent on the debris initial
flight conditions during component breakup (partcularly initial velocity) and on the distance debris
roll after first impacting the ground. Roll accounts for a large portion of the total distance traveled
by the debris from walls not laterally restrained at the top, which is a typical condidon for the types
of buildings studied in the DOE/DoD program. The resulting refined prediction methods for
component breakup parameters consist primarily of empirical relationships between loading
parameters and component mass and strength to measured breakup parameters. Debris roll was
found to be proportional to the velocity at the first impact and is also affected by the initial angle
ar which a picce leaves a wall or roof. Thus, debris velocity, average debris mass, total effective
destroyed mass for a component, and debris roll are all based directly on test data resulting from
the program described in Reference 2.

Building component breakup is described in the model in terms of probability density
distributions of debris mass, velocity, trajectory angle, drag coefficient, and drag area. The debris
velocities and angles sampled off the high-speed film and the masses of all the collected debris
were statistically analyzed to determine the distributions of these parameters which best fit the data.
The resulting distributions were normal distributions for debris initial velocity and angle and an
exponental distribution for debris mass. In addition, scarter plots of debris velocity, angle, and
size show that the measured debris initial launch conditions are not strongly correlated. This
observation is in agreement with the logic of the Monte-Carlo simulation procedure in the
MUDEMIMP code which randomly assigns initial velocity, mass, and trajectory angle to each
debris piece from the input probability density distributions.

4.0 Effect of Model on Building Siting Criteria

A brief overview of the hazardous debris dispersion prediction model has been presented
in this technical paper, with an emphasis on how to0 use the model. It is flexible in that several
differentconstuction types can be analyzed using the model. Testdata have been used as extensively
as possible to verify or establish code input or calculation procedures. The intent has been to make
the model as accurate as possible without requiring the use of highly sophisticated procedures to
determine the input and run the model.

Minimum separation distances for protection from debris hazards are not changed by this

paper. The requirement that the number of hazardous fragments at IBD be no greater than one
remains in effect. This paper describes an approved, safety conservative method for predicting the
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distance where the hazardous fragment criteria are satisfied. Application of the model in
this ggcr will often permit siting distance reductions from the broad-ranged criteria (670
or 1250 feet) now in Reference 1. However, in some cases predicted hazardous debnis
distances even exceed the default distance criteria of Reference 1. In these cases, and
because the model in this paper is considered safety conservative, the default criteria may
be used.
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Appendix: Example Calculations




Example Problem No. 1

Siep 1. Define the threat,

The building has four reinforced concrete walls (12 inches thick) and a sloped Cemestog, roof.
The roof has a slope of one inch per foot (ora 5° slope). 1tconsists of open web steel joists supporting
Cemesto, panels spaced at 4 feet on center. The Cemestog panel thickress is 1 9/16 inches. No
door is included in this example. See Example Problem No. 2 for door calculadons.

250 L8 N1
\\ 2 e /
Y> ¢\* P
0‘\\1 \/
A bare spherical charge equivalent to 250 Ib TNT is assumed. It is located 5 feet from the front
wall, 5 feet from the left sidewall, and 2 feet from the floor. (This is an arbitrarily chosen locadon.

The user needs to select the worst case location for each surface analyzed. Some guidelines for
maling this selection are included in Example Problem No. 3.)

Sin2:  Determine o { descringi

No open vent areas.
One covered vent area -- the roof
covered vent area = (20)(20) = 400 f¢

weight per unit area of Cemestog, roof = 4.7 1b/ft?
(no snow load is assumed on the roof for this example)

vent perimeter = 4(20) = 80 fi
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Step 3. Calculate the impulse load on each component.

Siep 3A:  Determine the shock impulse on each component.

Surface 1 12 ft x 20 ftreinforced concrete front
wall

Surface 2 12 ft x 20 ft reinforced concrete wall
closest to charge

Surface 3 12 ft x 20 ft reinforced concrete back
wall

Surface 4 12 ft x 20 ft reinforced concrete wall
furthest from charge

Surface 5 20 ft x 20 ft Cemestog, roof

Surface 6 steel joists

Surface 1: 12 ft x 20 ft reinforced concrete wall

Wall is a brittle material with significant strength
R/W'™ = 5/(250)' = 0.79 fi1b'"”

Since 0.5 < 0.79 < 1.0, it is a close-in load. Use the SHOCK code 1o get the impulse
and duration at a point opposite the charge.

W=2501b

Distance to blast surface = 5 ft

Width of blast surface = 20 ft

Height of blast surface = 12 ft

Horizontal distance from lefi side wall =5 ft

Vertical distance from floor = 2 ft

4 reflecting surfaces

Reduced surface calculation for point = (5,2)
Shock impulse i, for Surface 1 = 4,Q psi-sec

duration = 0,0006R sec

Surface 2: 12 ft x 20 fi reinforced concrete wall, 5 ft from charge

Wall is a brittle material with significant strength
R/W'™ = 5/(250)"” = 0.79 fi1b'?




Sinc> 0.5 <0.79 < 1.0, it is a cluse-in load. U.e the SHOCK code to get the impulse
and duration at a point opposite the charge.

W=2501b
Distance to blast surface = S ft
Width of blast suface = 20 ft
aght of blast surface = 12 fi
Horizontal distance from left side wall = 15 ft
Vertical distance from floor = Z ft
4 reflecting surfaces
Reduced surface calculation for point = (15,2)
Shock impulse i, for Surface 2 = 4.0 psi-sec
duradon = 0,00068 sec

Surface 3: iz 7 x 20 ft reinforced concrete back wall

Wall is a brittle material with significant strength
RW' = 15/(250)'” = 2.4 fib™”

Since 2.4 > 1.0, it is a far-range load.
Componentwidth=L =20ft, L/4=5fi

ares.
W=2501b
Distance to blast surface = 15 ft
Width of blast surface = 20 fr
Height of blast surface = 12 ft
Horizontal distance from left side wall = 15 ft
Vertical distance from floor = 2 {t
4 reflecting surfaces
Average load

Shock impulse i, for Surface 3 = 1.2 psi-sec
duradon = Q00373 sec

8
|
i
i
|
i
i
i
g
R=15f
i Since R 2 1L/4, use the SHOCK code w calculate the average ‘mpulse over the full wall
i
i
§
i
i
i
i
|
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Surface 4: 12 ft x 20 ft reinforced concrete right side wall

Wall is a brittle material with significant strength
R/W'" = 15/(250)"” = 2.4 fib'"
Since 2.4 > 1.0, itis a far-range load.
Component width=L =20 ft, ./4d=5ft
R=15f
Since R 2L/4, use the SHOCK code 1o calculate the average impulse over the full wall
area.
W=2501b
Distance to blast surface = 15 ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from left side wall = 5 ft
Vertical distance from floor = 2 ft
4 reflecting surfaces
Average load
Shock impulse i, for Surface 4 = },2 psi-sec
duraton = Q.00373 sec

Surface 5: 20 ft x 20 ft Cemestog roof

Roof is a brittle material without significant strength
Use the SHOCK code to get the impulse and duration at a point opposite the charge.
R/W' = 10/(250)'” = 1.6 fulb'”

Since 1.6 < 2.5, no multdplication factor will be applied to the im, ! laedata
point with the SHOCK code.

W =2501b
Distance to biast surface = 10 ft
Width of blast surface = 20 ft

Height of blast surface = 20 ft
Horizonta! distance from reflecting surface 2 = § ft
(front wall)
Vertical distance from reflecting surface 1 = 15 fi
(left sidewall)
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4 reflecting surfaces

Reduced surface calculation for point = (5,15)
Shock impulse i, for Surface 5 = 1.85 psi-sec

duration = Q,00128 se¢

Surface 6:  Steel joist in roof
Joist is a ductile material (like a steel beam)

Use the SHOCK code to get the average impulse over the loaded width of the joist with
the highest loading. Based on the assumed joist dimensions, this width is 4 inches.

W=2501b
Distance to blast surface = 10.3 ft to closest joist
[ ”’ Q'
n RS S —
?
r%;
4° wIDE JOIST
¥
4
R R .
Width of blast surface = 20 f
Height of blast surface = 20 ft Lot
Horizontal distance from reflecting surface 2 = 5 ft
(front wall) ROOF AS LGADED SURFACE
Vertical distance from reflecting surface 1 = 15 fi
(left sidewall)
4 reflecting surfaces

Average load on reduced surface of joist
Coordinates of upper left comer = (0,16.17)
Coordinates of lower right corner = (20,15.83)

Shock impulse i, for Surface 6 = 1.4 psi-sec
duration = 0,00175 sec




Siep 3B:  Determine the quasistatic impulse on each component.

The quasistatic impuise to be included in the load of each component may vary since
this examnple building has brittle material with significant strength and brittle matenal
without significant strength.

Surfaces 1and 2: 12 fix 20 frreinforced concrete front wall and side wall closest
to the charge

Britte material with significant swength
Close-in load (R/W'* =0.76 < 1.0)
Make 2 FRANG runs (see Step 3B 1) a) aa) - ac)).
FRANG Run No. 1
Vent panel = vent component = roof
W=2501b

Volume = (20)(20)(12) = 4800 ft’
(conservatively ignore volume under sloped roof)

Covered vent area = 400 ft’
Ver perimeter = 80 fi
Surface weightarea = 4.7 1b/ft®

Shock impulse on panel = Q.35 psi-sec ~ 350 psi-msec
(SHOCK was rerun to get average iuad on full :o0f area.)

Uncovered vent area = 0
Recessed depth of pancl =0
Tot! quasisirtic im>uire = 1O p5i ¢35
FRANG Run N2 2
Vent r-anc & i 2! ~cmpongnt arva on Surface 1 ot £ wpoosite the chargs
W= 256 i

Velame s (2h{(20M12) « 4800 o
{conservatively 1gnore volis:a: under sloped roof)

Covered vent srea = 2R x (R + 2) = 2(5)(7) = 70 f¢*
(hav< to ad;ust recommended 2R x 2R area due to charge height of 2 ft)

“ent perimeter = 2(2)(5) + 2(7) = M fi
Surface weight/area = (150 1b/ft*)(1 ft) = 150 I/t
Shock impulse on local avea:
Run SHOCK wath recuced area optien for Surface 1
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Coordinates of upper left comner = (0,7)
Coordinates of lower right cormer = (10,0)
So shock impulse = 3179 psi-msec
Uncovered vent area =0

Recessed depth of panel = 1 ft
The recessed depth of 1 ft is used here since the assumed locally failed portion
of the wall must move through the thickness of the remaining portion of the wall

before venting will occur.
Quasistatic impulse at critical vent time = 4,8 psi-sec

~ Use the lesser of quasistatic impulse from the two FRANG runs.

i, = L6 psi-sec for Surfaces 1 and 2
Surfaces 3 and 4: 12 ft x 20 ft reinforced concrete back and side wall

Brittle material with significant strength
Far-range load (R/W'?=2.4>1.0)

Run FRANG with vent panel = vent component and use the total quasistatc impulse.
This is the same run as FRANG Run No. 1 for Surfaces 1 and 2, so i, = L6 psi-se¢ for
Surfaces 3 and 4.

Surface 5: 20 ft x 20 ft Cemestog roof

Brittle material without significant soength
R/W'Y = 10/(250)'” = 1.6 fu1b'? > 1.0
This is a far-range load.

Run FRANG with vent panel = vent component and use the impulse at the critical vent
time, indicated by AMAX on the output. The run is the same as FRANG Run No. 1
for Surfaces 1 and 2, but we need to use the impulse at AMAY,, so

iy = 1.2 psi-sec for Surface 5
Surface 6:  Steel joist

This membecr is treated as a steel heamn would be treated by the model.
i, =00 psi-sec




Sepd:  Caleul , bris velogi [

Siepd4A:  Calculate the relevant shock impulse, 1,

Surfaces 1 and 2: Reinforced concrete walls

Brittle material with significant strength
Close-in load (R/W'? =0.79 < 1.0)
Calculate the reduction factor, R, from Equation (3)
R’ = (i/m) (duration)"*’ / (£.)"*
where i, = shock impulse
m = mass$ per unit area of component

f.” = concrete compressive strength

So, 1, =4.0psi-sec
m = (150 1b/f®)(1 ft) = 150 1b/f = 1.04 lbfin’
f.’ = 4000 psi
duration = 0.00068 sec
i/m = [(4.0 psi-sec)(386.4 in/sec?)) / (1.04 1b/in’) = 1486 in/sec
R’ = (1486)(0.00068)** / (4000)** = 0.18 in*/sec®™ 1b**
Since 0.15 20.084, R, = 1.0
Essentially, the relevant shock irnpulse = shock impulse

i'=i/R,=4.0/1.0 = 4.0 psi-sec
Surfaces 3and 4: Reinforced concrete walls

Brittle material with significant strength
Far-range load (R/W'? =2.4 > 1.0)
So, i =i, =12psi-sec

Surface 5: Cemestog roof

Brittle material without significant strength, but it is pot masonry.
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So, R;=10
By Equation (9)

i’ =i/R, = 1.85/1.C = 1.85 psi-sec
Surface 6:  Steel joist
Ductile material

iy =i, = L4 psi-sec
Siep 4B:  Calculate the total relevant impulse, i; for each surface.

Use Equation (11)
ip=ig+ i’

Surfaces 1.and 2: Reinforced concrete walls
ip=16+4.0=3506 psi-sec
Surfaces 3 and 4: Reinforced concrete walls
hr=16+12=28 psi-sec
Surface 5: Cemestog roof
by= 12+ 1.85 =305 psi-sec
Surface 6: Steel joist
iy =00+ 1.4=]4psisec
Step4C:  Calculate the maximum debris velocity, V... for cach surface.

Surfaces 1 and 2: Reinforced concrete walls

Solid components ~ use Equation (12)
V-‘ = iT / m
ir = 5.6 psi-sec




m = 150 1b/f? = 1.04 1b/in?
Ve = [(5.6)(386.4)] / (1.04) = 2081 in/sec = 173 fu/sec

Surfaces 3 and 4: Reinforced concrete walls

Solid components -- use Equation (12)
Vau =ip/m
ir = 2.8 psi-sec
m = 150 Ib/fi’ = 1.04 1b/in’
Ve = [(2.8)(386.4)}) / (1.04) = 1040 in/sec = 87 fi/sec

Surface 5: Cemestog roof

Solid component -- use Equation (12)
Vau =i/ m
ir = 3.05 psi-sec
m = 4.7 Ib/fc* = 0.033 1b/in®
Vau: = [(3.05)(386.4)] / (0.033) = 35700 in/sec = 2975 fi/sec

NOTE:  The maximum velocity for Cemestog debris from the roof exceeds the
model limit of 1000 fisec. The calculated velocity is probably very con-
scrvative since the Cemestog will break apart under the shock loading and
allow more vent perimeter than that accounted for by the FRANG code.
This will probably result in a lower quasistatic Joad. The model can be
reasonably used for velocides higher than 1000 ft/sec for metal panel debris
because test datwa verify its use. However, no test data were coliected for
Cemesto, debris. We will proceed to obtain hazardous Aistance for the
roof debris, but recognize we are beyond data verified results.

Surface 6: Steel joist

Use Equation (14) or (15) to calculate V., as for a steel beam.

Assume the steel joist is composed of double 2" x 2" x 1/4" angles along the top and
bottom chord. Use the weight per unit length estimated as 2.5 aimes the weight per unit
length for a double angle to account for the double angles at the top and bottom chord
and the web members.

So i, =  14psi-sec
T =  beam material toughness = 12,000 Ib-in/in’
(assuming A36 steel)

L =  beamlength=20ft=2401n




b = loaded width

= 4 in (width of top double angle for the joist)
2L =2(240)/4=120in
2(1.88 in’) = 3.76 in? (from AISC Steel Manual)

6.38 1b/ft for a double angle so use w= 2.5 (6.38) = 15.95 1b/ft
= 1.33 Ib/in

g =  gravity constant = 386.4 in/sec’
P = w/Ag = 1.33/[(3.76)(386.4)] = 0.00092 lb-sec’/in*

>
" 1l

z
L

First check
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LL*b)/(pT)'?A)
= [(1.4)(120)(4))1((.00092)(12000))'*(3.76))
= (235)/(12.5)=19
Since 1.959.0
Ve = [T/p]"*(-0.41 + 0.41 Gi,Lb)/((pT)"*A))
Ve = [12000/.00092)'2 (-0.41 + 0.41 (1.9))
Vau = 1333 in/sec = 111 ft/seg

Calculate the average velocity and velocity standard deviation for each
surface. Use Equations (16) and (17).

Surfaces 1 and 2: Reinforced concrete walls

Ve = 173 ftsec
Vg = (0.6)(173) = 104 ft/sec
Ve =  (0.14)(173) = 24 fi/sec

Surfaces 3 and 4: Reinforced concrete walls

Ve = 87fUsec
Vg =  0.6(87) = 52 ft/sec
Ve =  0.14(87) = 12 ft/sec
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Surface §: Cemestog roof

Vour & 2975 fu'sec
Vae = 0.6(2975) = 1785 fusec
Va = 0.14(2975) =416 fusec

Surface 6:  Steel joist
Only need V. = 111 ft/sec

Surfaces 1 -4 Reinforced concrete walls

Use Equauon (19)
m,, = 0.10 [(rebar spacing)’(cover thickness)(density))
Assume  rebar spacing= 12in=1fi
cover thickness = 2 in = 0.17 ft
density = 150 1b/f7
So m,, =0.10(1)(0.17)(150) = 2.6 1b

Surface 5: Cemestog roof

Use Equation (20) for masonry with shell face thickness = thickness of panel
m,, =  (M)[(shell face thickness)’(density))

Use thickness=19/16"=0.13 ft
density = (4.7 1b/6%)/0.13 ft = 36 b/’

Since V.. = 2975 fi/sec > 120 ft/sec, use
M = 10

So, m,.,=10(0.13)’36) =Q.8 lb

Surface 6: Steel joist

Equation (22)
m = total joist mass = (15.95 1b/f1)(20 ft) = 319 1b




Sen6  Dsiermine cffect ,

Surfaces 1and 2: Reinforced concrete walls with close-in loading

Use Equatons (26)

V, =i’ Jm = (4.0 psi-sec)(386.4 in/sec?)/(1.04 1b/in®)
= 1486 in/sec = 124 fisec

Since 45 < 124 < 353
T = 0.00308(124) - 0.089 = 0.29
So, by Equaton 125)
Total cffective desroyed mass = (0.29)(12)(20)(1)(150)
=104401b

Surfaces 3 and 4: Reinforced concrete walls with far-range loading

By Equation (27)
Vo = 87 ft/sec 2 45 ft/sec
So, T'=0.1
Using Equetion (25)
Total effective destroyed mass = (0.1)(12)(20)(1)(150)
= 3600 1b

Surface 8: Cemestog roof

Use Equation (28) for unreinforced masonry
V s = 2975 ft/sec 2 190 ft/sec

So, T'=1.0
Tomal effective destroyed mass = (1.0)(20)(20)(0.13)(36)
=]8721b
Surface 6:  Steel joist

Use Equation (29) for beams, T' = 1.0
So, Total effective destroyed mass = (1.0)(319) = 319 1b for one joist
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joists, Constant distributions are used for the joists so it is like running
single trajectones for them. The bin width should equal the length of a

joist.
Use Equanon (30)

Surfaces 1 and 2: Reinforced concrete walls

GRIDL =  V(4/T1)(10440)/(150) = 9.4 £

Surfagces 3 and 4: Reinforced concrete walls

GRIDL =  Y(4/M1)(3600)(150) =55 f1

Surface 5: Cemestog roof

GRIDL =  ~(4/MT)(1872)(4.7) = 22.5 but the total width of the roof is
only 20 ft so use GRIDL - 20 f; .

Surface 6:  Steel joist
Use GRIDL = joist length = 20 ft




Sicp & Setup inpui files for MUDEMIMEP and run the code for each componens
Lor like components),
Copies of each input file are included here.

Surfaces 1 and 2: Reinforced concrete walls

1,1
5000,10440.,9,58.,'OUTPUT’ ,145555668.0
EXAMPLE PROBLEM 1 -- SURFACES (1) AND (2)

FT LBS SEC FT-LBS
MASS EXPONENT 2.6

VELOCITY NORMAL 104. 24.
ANGLE NORMAL 0. 1.3
COF UNIFORM 1.0 2.0
KFACTOR CONSTANT 1.0

END

1 150.

7 3.0

8 1.0

10 1.0

12 2.0

19 -9.4

Maximum cumulative hazardous distance = 616 ft
Maximum range = 632 ft




Surfaces 3 and 4: Reinforced concrete walls

1,1

5000, 3600.,0,58.,’ OUTPUT',14555568.0
EXAMPLE PROBLEM 1 -- SURFACES (3) AND (4)
FT Las SEC FT-LBS
MASS EXPONENT 2.6

VELOCITY NORMAL - 52. 12.
ANGLE NORMAL 0. 1.3
COF UNIFORM 1.0 2.0
KFACTOR CONSTANT 1.0

END

1 150.

7 3.0

8 1.0

10 1.0

12 2.0

19 -5.5

Maximumn cumulative hazardous distance = 190 ft
Maximum range = 195 ft




Surface 5: Cemestog roof

1,1

5000,1872.,0,5E., ' OUTPUT’ ,14555568.0

EXAMPLE PROBLEM 1 -- SURFACE (5)

F7T LBS SEC FT-LBS

MASS EXPONENT 0.8

VELCC(TY NORMAL 1745. 416.
' ANGLE NORMAL 85. 10.0

COF CONSTANT 1.5

KFACTOR CONSTANT 1.0

END

1 36.

7 2.0

8 1.0

10 0.13

12 12.0

19 -25.0

Maximum cumulative hazardous distance = 430 ft
Maximum range = 483 ft

Considerir.g half the roof debris (file the same except total effective desaoyed
mass = 187272 = 936 Ib), the maximum cumulative hazardous distance = 410 ft.

Meximum range = 483 ft




Surface 6:  Steel joists in roof

1,1

3,319.,0,58., 'OUTPUT’,145555568.0
EXAMPLE PROBLEM 1 -- SURFACE (6)
FT LBS SEC FT~-LBS
MASS CONSTANT 319.
VELOCITY CONSTANT 111.

ANGLE CONSTANT 85.

COF CONSTANT 1.8
KFACTOR CONSTANT 1.0

END

1 490.

7 2.0

g 1.0

10 0.2

12 12.0

19 -20.0

A note on the selection of "L" (input item 10) for a steel joist (or beam, etc.): It
is difficult toestimate what arca will be presented in flight. We will try to account
for an average area by taking an area as

A = 0.5 (width of double angle)(joist length)
A = 05 4in)(fv12ir)(20ft) = 3.3 fC

The code internally determines area as
A = mass/((density)(L))
So,uss L =  mass/pA =319 1b/[(490 Ib/f’)(3.3 £¢)) = 0.2 fi
Maximum distance = §2 ft




Step 9: Make siti on | irecrion f
SIUCTUIS,

The wall facing that direction and half the rcof debris should be considered in each
direction. The steel joists (if they break away) will not be setting the debris hazard so
they will not be included in the summations. The maximum distance traveled by a joist
was 62 ft. Again, this example did rot include a door. See Exampie Problem No. 2

for door calculagons.
Surface 1 or 2:

The maximum range of any of the roof debris is 483 ft. Since the cumulative
hazardous debris {or either of these two surfaces is 616 ft, the hazardous debris
distance in the directon of surface 1 or 2 is 616 ft. (Cumuladve densities at
distances less than 483 ft would increase, but past 483 ft they will not change.)

Applying the 1.3 safety factor for concrete or masonry debris, the siting distance
is (616)(1.3) = 801 {1.

Surface 3 or 4:

The maximum distance of wall debris in the direction out from surface 3 or 4 is
195 fi. The cumuiative hazardous debris distance ftor half the roof debris i 410
ft. Although the cumulatve densities for distances less than 195 ft will increase
when roof and wall debris are considered, the hazardous debris distance i e
direction of 3 or 4 is 410 fi.

(The 1.3 safety factor only applies to concreie or masonry debris distance and
(195)(1.3) = 254 fu is stll below 410 ft.)




Example Problem No. 2

Step 1:  Define the threat,

The same building as in Example Problem No. 1 is used except a door is included. It has
four reinforced concrete walls (12 inches thick) and a sloped Cemestog rocf. The roof has a slope
of one inch per foot (or a 5° slope). Itconsists of open web steel joists supporting Cemestog panels
spaced at 4 feet on center. The Cemestog panel thickness is 1 9/16inches. A 3 feet by 7 feet hollow,
16 gauge steel door is included in Surface 1.
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A bare spherical charge equivalent to 25 1b TNT is assumed. Itis located S feet from the front wall,
5 feet trom the left siduwall, and 2 feet from the floor. (This is an arbitrasily chosen location. The
user needs to seizct the worst case location for each surface analyzed. Some guidelines for making
this selecton ure included in Example Problem No. 3.)
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S'GD 2 QSISIIOI.D: the vent areas and d:SCD'DII'QDS

No open vent areas.
‘Two covared vent areas -- the roof and a door
The door weight/area is calculated as follows:
cover -- two 16 gauge steel plates (2 inch spacing)
2(3 fu)(7 f1)(0.0598 in)(f/12 in)(490 1b/ft’) = 102.6 Ib
stiffeners
6(36 in)(4 in)(0.0598 in)(490 Ib/ft*/(12 in)’) = 14.7 1b
total weight of door = 102.6 + 147 =117.3 1b
weighvarea = 117.3 /(3 ft)(7 ft) = 5.6 1b/ft?
Covered vent Weight/area  Vent perimeter

arca .

(fP) (Ibff) (f1)
Steel door 3)(7)=21 5.6 20
Cemestog roof (20)(20)=400 4.7 80

Step 3. Calculate the impulse load on each component,

Step 3A:  Determine the shock impulse on each component.

Surface 1 li{lt x 20 ft reinforced concrete front
w,

Surface 2 12 ft x 20 ft reinforced concrete wall
closest to charge

Surface 3 liﬁt x 20 ft reinforced concrete back
w

Surface 4 12 ft x 20 ft reinforced concrete wall
furthest from charge

Surface § 20 ft x 20 ft Cemestog roof

Surface 6 steel joists

Surface 7 hollow steel door
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Surface 1: 12 ft x 20 ft reinforced concrete wall, L = 20 ft

Wall is a brittle material with significant strength
R/W'? =5/(25)'" = 1.7 flb'”, L/4=20/4=5 1t
Since 1.7 > 1.0, it is a far-range load.
Since 1/4 2 5, use the SHOCK code to get the average impulse over the full wall area.
W=251b :
Distance to blast surface = § ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from left side wall = S ft
Vertical distance from floor = 2 ft
4 reflecting surfaces
Average load
Shock impuise i, for Surface 1 = (.3 psi-sec
duradon = 0.00137 sec

Suxface 2: 12 ft x 20 ft reinforced concrete wall, 5 ft from charge, L = 20 ft

Wall is a brinle material with significant srength
R/W'? = 5/(25)'" = 1.7 fIb'®, L/4=20/4 =5 fi
Since 1.7 > 1.0, it is a far-range load.
Since L/4 2 5, use the SHOCK code to get the average impulse over the full wall area.
W=251b
Distance to blast surface = § ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from left side wall = 15 ft
Vertical distance from floor = 2 ft
4 reflecting surfaces
Average load
Shock impulse i, for Surface 2 = (3 psi-sec
duration = 0.00137 sec
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Surface 3: 12 ft x 20 ft reinforced concrete back wall, L = 20 ft

Wall is a brintle material with significant soength
R/W'™ =15/(25)'" = 5.1 fIb'?, L/4=20/4=5f1
Since 5.1 > 1.0, it is a far-range load.

Since R 2 L/4, use the SHOCK code to calculate the average impulse over the full wall
area.

Wa=251b
Distance to blast surface = 15 fi
Width of blast surface = 20 ft

Height of blast surface = 12 ft
Horizontal distance from left side wall = 15 ft
Vertical distance from floor = 2 ft
4 reflecung surfaces
Average load

Shock impulse i, for Surface 3 = 0,26 psi-sec
duration = 0,00661 sec

Surface 4: 12 ft x 20 ft reinforced concrete wall, 15 ft from charge, L = 20 ft

Wall is a brittle material with significant strength
R/W' = 15/(25)'° = 5.1 flb'®, L/4=20/4=5 ft
Since 5.1 > 1.0, it is a far-range load.

Since R 2 L/4, use the SHOCK code to calculate the average impulse over the full wall
arca.

W=251b
Distance to blast surface = 15 ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from left side wall = 5 ft
Vertical distance from floor = 2 ft
4 reflecting surfaces
Average load
Shock impulse i, for Surface 4 = 0,26 psi-sec
duration = 0,00661 sec
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Surface 5: 20 ft x 20 ft Cemestog roof

Roof is a brintle matenal without significant soength
Use the SHOCK code to get the impulse and duration at a point opposite the charge.
R/W' = 10/(25)' = 3.4 f1b*?

Since 2.5 < 3.4 < 5, multiply the impulse calculated at a point with the SHOCK code
by I; where

I =0.4 (R'W') = 0.4 (3.4) = 1.36 from Equation (1)
W=251b

Distance to blast surface = 10 ft

Width of blast surface = 20 ft

Height of blast surface = 20 ft

Horizontal distance from reflecting surface 2 = § ft
(front wall)

Vertical distance from reflecting surface 1 = 15 ft
(left sidewall)

4 reflectng surfaces
Reduced surface calculaton for point = (§,15)
Shock impuise i, for Surface 5 = (0.329 psi-sec) (1.36)
= 0.45 psi-sec
duration = 0,002 sec

Surface §:  Steel joist in roof

Joist is a ducdle material (like a steel beam)

Use the SHOCK code to get the average impulse over the loaded width of the joist with
the highest loading. Based on the assumed joist dimensions, this width is 4 inches.

We=251b

Distance to blast surface = 10.3 ft 1o closest joist
Width of blast surface = 20 ft

Height of blast surface = 20 ft

Horizontal distance from reflecting surface 2 = 5 ft
(front wall)

Vertical distance from reflecting surface 1 = 15 ft
(left sidewall)

4 reflecting surfaces
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Average load on reduced surface of joist
Coordinates of upper left comner = (0,16.17)
Coordinates of lower right corner = (20,15.83)

Shock impulse i, for Surface 6 = 0,26 psi-se¢
duradon = 0,003 se¢

Surface 7: Hollow steel door, 3 fux 7 f, in Surface 1

Get the average load over the door using the SHOCK code for Surface 1 with a reduced
area for the door.

W=251b
Distance to blast surface = § ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from left sidewall = § ft
Vertical distance from floor = 2 fi
4 reflecting surfaces
Average load on reduced surface of door
Coordinates of upper ieft comer = (8.5,7)
Coordinates of lower right comer = (11.5,0)
Shock impulse i, for Surface 7 = .33 psi-seg
duration = 000119 sec
Sicp 3B:  Determine the quasistatic impulse on each component.
The quasistatic impulse to be included in the load of each component may vary since
this example building has brittle material with significant strength and brittle material
without significant strength.

Sucfaces 1 and 2: 12 ftx 20 ft reinforced concrete front wall and side wall closest
to the charge

Brittle material with significant strength
Far-range load (R/W'” = 1.7 > 1.0)




Run FRANG with the vent panel = vent component = roof. Since FRANG will only
treat one covered vent area, choose the vent component which will cause the most
venting. Both components actually allow veating, so choosing only one must be a
conservative approach regardless of which surface is chosen. The simplest guidance
is to choose the vent component with the largest blast ioaded area. Another approach
would be to consider both possible vent components with separate FRANG runs and
choose the run with the Jeast impulse. Since the roof area is much greater than the door
area, the roof is chosen as the vent component to be used here.

W=251b

Volume = (20)(20)(12) = 4800 ft’
(conservatvely ignore volume under sloped roof)

Covered vent area = 400 f¢
Vent perimeter = 80 ft
Surface weight/area = 4.7 Ib/ft’

Shock impulse on panel = 0.22 psi-sec = 220 psi-msec

(SHOCK was rerun to get average load on full roof area. No multiplication factor
was used since the load was averaged. The mulaplication factor is only used on
the impulse calculated with the SHOCK code at a point.)

Uncovered vent area =0
Recessed depth of panel =0
Total quasistatic impulse for Surfaces 1 and 2 = 0,59 psi-sec

Surfaces 3 and 4: 12 ft x 20 ft reinforced concrete back and side wall

Brittle material with significant strength
Far-range load (R/'W'? = 5.1 > 1.0)

Run FRANG with vent panel = vent component = roof and use the total quasistatic
impulse. This is the same run as for Surfaces 1 and 2, so i, =139 psi-sec for Surfaces
3and 4.

Surface 5: 20 ft x 20 ft Cemestog roof

Brirtle material without significant strength
R/W' = 10/(25)"” = 3.4 f1b'” > 1.0

This is a far-range load.

Run FRANG with vent panel = vent component = roof and use the impulse at the critical
veat time, indicated by AMAX on the output. The mun is the same as for Surfaces 1
and 2, but we nced 10 use the impulse at , 80

i, = 0.49 psi-sec for Surface 5




Surface 6: Steel joist

This member is treated as a steel beam would be treated by the model.
iy = 0.0 psi-sec

Surface 7. Hollow steel door, 3 fix 7 ft

This is a ductile material. The weight/area from Step 2 is 5.6 1b/f® which is 1.2 times
the roof weight/area of 4.7 Ib/ft’,

Calculate the quasistatic impulse by running FRANG with the vent panel = vent
component = roof. Since the door has much less area than the roof, and it is a light,
hollow door without a large mass per unit area, it is safe to assume the door will be
critically vented before the roof. Therefore, it is conservative to assume the door is
exposed to the same amount of quasistatic impulse as the roof. A much less conser-
vative, more accurate estimate of the door load can be made by using the ratios of roof
todoor mass per unit area and required movement to critical venting to choose a fraction
of the quasistatic impulse prior to "AMAX" to apply to the door.

Using the same run as for Surfaces 1 and 2,
i, = 0.49 psi-sec at "AMAX" for Surface 7.

S1ep 4: Caleulare . 4ebris veloci L5 l
Step4A:  Calculate the relevant shock impulse, i,

Surfaces 1 and 2: Reinforced concrete walls

Brittle material with significant strength
Far-range load R/W* = 1.7>1.0)

So, i=i, =(.3 psi:seg from Equation (8)
Surfaces 3 and 4: Reinforced concrete walls

Brittle material with significant strength
Far-range load (R/W' = 5.1> 1.0)
So, i, =i, = (.26 psi-sec from Equation (8)
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Suface 5: Cemestog roof

Brittle material without significant strength, but it is oot masonry.
So, R;=10

By Equation (9)
i =1/R;=0.45/1.0 = 0.45 psi-sec

Surface 6:  Steel joist

Ductile material
i, =1 = 0.26 psi-sec from Equation (10)

Surface 7: Hollow steel door

Ductile material

i’ =i, =0,33 psi-sec trom Equaton (10)

Siep4B: Calculate the total relevant impulse, i; for each surface.

Use Equation (11)
ipmig+ i,

Surfaces 1 and 2: Reinforced concrete walls
iy =0.59 + 0.3 = Q.89 nsi-sec

durfaces 3 and 4: Reinforced concrete walls
i1 =0.59 + 0.26 = Q.85 psi-sec

SufaceS: Cemestog roof
ir=0.49 + 0.45 = 0,94 psi-sec

Surface 6:  Steel joist
iz = 0.0 + 0.26 = 0.26 psi-sec




Surface 7: Hollow steel door

i = 0.49 +0.33 = Q.82 psi-sec

Siep4C:  Calculate the maximum debris velocity, V. for each surface.

Surfaces 1 and 2: Reinforced concrete walls

Solid components -- use Equation (12)
Vo =i/ m
i; = 0.89 psi-sec
m = 150 Ib/fe? = 1.04 1b/in’
V.. = [(0.89)(386.4)] / (1.04) = 331 in/sec = 28 fusec

Surfaces 3 and 4: Reinforced concrete walls

Solid components -- use Equation (12)
Vou =ir/m
iy = 0.85 psi-sec
m = 150 lb/fc’ = 1.04 Ib/in’
V.. = [(0.85)(386.4)]) / (1.04) = 316 in/sec = 20 fi/sec

Sudface 5: Cemestog roof

Solid component -- use Equation (12)
Ve =iy/m
iy = 0.94 psi-sec
m = 4.7 1b/fe = 0.033 Ib/in’
V.. = [(0.94)(386.4)] / (0.033) = 11,007 in/sec = Q17 fi/sec

Surface 6:  Steel joist

Use Equation (14) or (15) to calculate Vg, as for a steel beam.

Assume the steel joist is composed of double 2" x 2" x 1/4" angles along the top and
oottom chord. Use the weight per unit length estimated as 2.5 times the weight per unit
length for a double angle 10 account for the double angles at the top and bottom chord
and the web members.
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So = (.26 psi-sec

i
T = beam matenal roughness = 12,000 1b-in/in
(assurning A36 steel)

= beam length = 2C fi = 240 in

b = loaded width
= 4 in (width of top double angle for the joist)
L = 2LMP=2(240/4=1201in

A = 2(1.88in% = 3.76 in® (from AISC Steel Manual)

w = 6.38 lb/ft for a double angle souse w = 2.5 (6.38) = 15.95 Ib/fi
=133 Ib/in

g =  gravity constant = 386.4 in/sec’

p =  w/Ag=133/[(3.76)(386.4)] = 1.00092 Ib-sec’/in*
First check

LLOM(pT)'?A)
= [(0.26)(120)°*(4))/(((.00092)(12000)}'*(3.76))
(4.38)/(12.5) = 0.35
Since 0.35 9.0
= [T/p)'*-0.41 + 0.41 (LL’b)/(pT)'*A))
(12000/.00092]'7 [-0.41 + 0.41 (0.35)]

=  -962 in/sec = the joist does not fail, no dabris

Vv
Vv
Vv

Surface 7: Hollow steel door

Calculate the door velocity as
Vau=ir/m
iy = 0.82 psi-sec
m = 5.6 1b/ft* = 0.039 1b/in’
V per = [(0.82)(386.4)) / (0.039) = 8124 in/sec = §77 fi/sec

Calculate the average velocity and velocity standard deviation for each
surface. Us= Equadons (16) and (17).

Surfaces 1 and 2: Reinforced concrete walls

Var = 28 ft/sec
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Vg = (0.6)(28) = 17 ft/sec
Vi = (0.14)(28) = 3.9 fusec

Surfaces 3 and 4: Reinforced concrete walls

Vou = 26 fusec
Vg = 0.6(26) = 16 ft/sec
Vw = 0.14(26) = 3.6 fusec

Surface 5: Cemestog roof

917 fi/sec
V,,. = 0.6(917) = 550 fu/sec
Vi = 0.14(917) = 128 ft/sec

<
:
]

Surface 6:  Steel joist

Surface 7: Hollow steel door

Vo, =677 fusec (single run)
Surfaces 1 -4: Reinforced concrete walls

Use Equation (19)
m,, =  0.10 [(rebar spacing)*(cover thickness)(density))
Assume  rebar spacing = 12in =1 fi
crver thickness = 2 in= 0.17 ft
density = 150 Ib/fe’
So m,,=0.10(17(0.17)(150) = 2.6 1b

Surface 5: Cemestog roof

Use Equation (20) for masonry with shell face thickness = thick .zss of panel
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m,., =  (M)[(shell face thickness)'(density))
Use thickness=19/16"=0.13 ft

density = (4.7 Ib/ft*)/0.13 ft = 36 Ib/ft’
dince Vo, = 917 fusec > 120 ft/sec, use

M = 10

So, m,, = 10(0.13)(36) = 0.8 Jb

Surface 6. Steel joist

No debris

Surface 7: Hollow steel door

Use the total door weight for m,,,
m,,, = (5.6 Ib/f*)(3 f1)(7 ft) = 118 1b

Surfaces 1 and 2: Reinforced concrete walls with far-range loading

Use Equations (27)

Ve =28 fi/sec <45 fisec, so T =0.05

So, by Ecuation {25)

Total effesrive desooyed mass = (0.05)(12)(20)(1)(150)
= 1800 1b
Surfaces 3 and 4: Reinfcreed concrete walls with far-range loading
By Equation (27)
Vau = 26 fi/sec < 45 ft/sec
So, T"=0.05
Using Equation (25)

Total effective destroy~d mass

= (0.05)(12)(20)(1)(150)
= 1800 1p
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Surace 5: Cemesto, roof
Use Equatun (28) for unreinforced masonsy
Ve = 917 ftysec 2 199 fisec
So, T'=1.0
Total effective desroyed mass = (1.0)(Z0)20)(C.13;(3¢6;
= 1812 1b
Surface §: Steel joist
NoO debris

Sudace 7: Hollow steel door

Touwl effective desooyed mass = total door mass

=(5.6)3)(7) = Li81b

Step7:  Calculate the desoved width, GRIDL, of £2:0 component cxseptiie sics)

3 Constant distribuiions are used for the joisis
and the door sc it is like running single trajeciories for them. No trajeciory
run will be made for the joist sinc2 no debris are produced in this example.
The bin wadth for the door should equal the lengih of the wall.

Use Equator. (30)

Surfaces 1-4: Reinforced concrete walls

GRIDL =  ~(4/T1)(1800)(150) = 3.9.ft

Surface 5: Cemestog roof

GRIDL =  ~(4/M1)(1872)/(4.7) = 22.5 but the total width of the roof is
only 20 ft so use GRIDL = 20 ft

Surface 6: Steel joist

No debris
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Swface 7: Hollow steel door

GRIDL makes no difference, this is a single fragment run. Just put ir the wall
width of 20 ft.

Step 8 Setupinput files for MUDEMIMP and run the code for each companen:
{otlike components).

Copies of each input file are included here.
Suifaces 1 agd 2: Reinforced concrete walls

1,1

5000,1800.,0,58., ' OUTPUT’,14555568.0
EXAMPLE PROBLEM 2 -- SURFACES (1) AND (2)
FT LBS SEC FT-LBS
MASS EXPONENT 2.6

VELGCCITY NORMAL 17. 3.9
ANGLE NORMAL 0. 1.3
COF UNIFORM 1.0 2.0
KFACTOR CONSTANT 1.0

END

1 150.

7 3.0

8 1.0

10 1.0

Maximum cumulative hazardous distance = 33 ft
Maximum range = 33 ft
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2 3 and 4: Reinforcad concrete wails
1,1
5000,1800..0,58., '  JUTPUT', 45353068 ©
EXAMPLE PROBLEM 2 -—-- SURFACES (3) XL (4
FT LBS SEC Fo-lkES
MASS3 EXPONENT 2.9
VELOCITY NORMAL 16. 3.6
ANGLE NORMAL 0. 1.3
COF UNIFORM 1.0 2.0
KFACTOR CONSTANT 1.0
END
1 150.
7 3.0
8 1.0
10 1.0
12 2.0
19 -3.9

Maximum cumuiative hazardous distance == 29 ft
Maximurn range = 30 fi




Surface 5: Cemestog roof

1,1

5000,1872.,0,58., ' OUTPUT’,14555568.0
EXAMPLE PROBLEM 2 =-- SURFACE (S)

FT LBS SEC FT-LBS
MASS EXPONENT 0.8

VELOCITY NORMAL 550. 128.
ANGLE NORMAL 85. 10.0
COF CONSTANT 1.5

KFACTOR CONSTANT 1.0

END

1 36.

7 2.0

8 1.0

10 0.13

12 12.0

i9 -20.0

Maxinmum cumulative hazasdous distance = 330 ft

Maximum range = 353 ft

Considering half the roof debris (file the same except total effective destroyed
mass = 1872/2 = 936 ib), the maximum cumulative hazardous distance = 310 ft.

Maximum range = 353 ft
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Surface 7: Hollow steel door

NOTE: Doors are treated like 2-dimensional breakup debnis from masonry. The
drag coefficientisinputas 1.5. The "L" parameter (inputitem 10) equals
the door thickness.

Door thickness = 2 in = 0.17 ft
Adjust the input density (input item 1) so that
(density)(width)(length)(thickness) = door weight

p(3)(7)(0.17)=1181b

p = 33 1b/ft’

1,1
1,118.,0,58., ' OUTPUT’,145555568.0
EXAMPLE PROBLEM 2 -- SURFACE 7 (DOOR)
FT LBS SEC FT-LBS
MASS CONSTANT 118.
VELOCITY CONSTANT 677.
ANGLE CONSTANT 0.
COF CONSTANT 1.5
KFACTOR CONSTANT 1.0
END
1 23,
7 2.0
8 1.0
10 ¢.17
12 2.0
19 -20.0

Step 9:

The wall facing that direction and half the roof debris should be considered in each
direction. The steel joists did not break away, 80 no debris are contributed by the joists.
The distance waveled by the door should be included in setting the siting distance in
the direction out from Surface 1 (the front wall). Its distance is compared to the
cumulative density of the wall and the density caused by half the roof debris in that
direction. The door is not included in the density calculation.
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Surface 1 or 2:

The maximum range of any of the wall debnis is 33 ft. Multplied by the 1.3
safety factor, this distance 15 43 ft. The cumulative hazardous debnis distance for
half the roof debris is 310 ft. However, the door travels 808 fi, so the safe siting
distance would have to be 808 ft. This suggests a significant reduction in the
hazardous debris distance could be made if a barricade or maze were designed
to stop the door. If the door is stopped. the cumulative hazardous debris distance
would be 310 f1. (Cumulatve densites less than 43 ft would be greater for the
combination of wall and roof debris, but past 43 fi they will not change.) The
1.3 safety factor only applies to concrete or masonry debris distance.

Surface 3 or 4:

The maximum distance of wall debris in the direction out from surface 3 or 4 is
30 ft. Muldplied by the 1.3 safety factor, this distance would be 39 fi. The
cumulatve hazardous debris distance for half the roof debris is 310 ft. Although
the cumulative densites for distances less than 39 ft will increase when roof and
wall debns are considered, the hazardous debris distance in the directon of
Surface 3or4is 310 f;. The 1.3 safety factor only applies to concrete or masonry
debris distance, not the Cemestog roof debris distance.

i
|
!
i
|
g
g
i
]
|
]
:
!
?
i
!
|
!
i




Example Problem No. 3

Step 1.  Defioe the threat

The building is 20 ft x 20 ft x 12 ft with three 12 inch thick reinforced concrete walls, one
clay dle wall, and the roof of metal panels, S-ply felt, and gravel. The metal panels have a 4 ft
width and are 20 ftin length. They are supported by open web steel joists spaced at 4 ft on center.
The weight/area of the metal panels is assumed 10 be 2 Ib/f?. The weight/area of the built-up roof
(felt and gravel) is assumed to be 6 Ib/ft’. The weight/area of the roof system is then 8 Ib/fr’.

TYRCAL JOIST

'YPICN,’ “[T“ ROOF —
. DECK PANEL

’
-

A bare spherical charge equivalent 1o 250 1b TNT is assumed. It can be located enywhere within
a designated HE arca which has boundaries 4 feet from each wall as shown below. The minimum

height off the floor is 2 feet.
I‘—- 4.0 4'*0"-‘—-|

)

1

P 1 Y

2

. A
20'-0°
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For each surface, a charge location providing the highesi total impulse, iy, is sclected, where i =
the sum of the quasistatic impulse and the relevant shock impulse (i, + i,"). Figure A1 which follows
should be used as a guideline to determine this worst case charge location for each surface. For
this example, the worst case location for each surface is in a corner of the defined HE area nearest
the surface, 2 feet off the fioor.

The loaded surfaces for this example are dzfined below:

Surface 1 12 ft x 20 ft clay tile wall

Surface 2 12 fux 20 frreinforced concrete wall
Surface 3 12 ft x 20 ft reinforced concrete wall
Surface 4 12 ft x 20 ft reinforced concrete wall

Surface 5 20 ft x 20 ft metal panel roof with
5-ply felt and gravel

Surface 6 steel joist in roof
Siep 2; L ine 1 { descrion
No open vent areas.

One covered vent area -- the roof (no door will be included in this example -- see Example
Problem No. 2 for door calculations)

Covered vent area = (20)(20) = 400 f??
Vent perimeter = 4(20) = 80 ft

Weigh: }xt unit area of roof (metal panels, S-ply felt, and gravel)
= 2 1b/ié + 6 Ib/fY* = 8 1b/fe

(No snow load is assumed for this example. The weight/area of the roof is the sum of
the weight/arcas of the metal panels and the felt and gravel.)

Siep 3 Calculate the impulse load on cach component,

Siep3A:  Determine the shock impulse on each component.

Since a worst case choerge location for each wall surface is in one of the closest comers
of the HE area to the wall and the reinforced concrete walls are all 20 ft x 12 ft, the
shock load for Surfaces 2 - 4 in this example will be identical.

Surface 1: 12 ft x 20 ft clay tile wall

Wall is a brittle material without significant strength
RW'" = 4/(250)'” = 0.63 fi1b'?
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NO
1
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4
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Figure Al. Selection of Charge Location for Worst Case Load
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CHARGE MAY BE PLACED IN EITHER CORNER OF DESIGNATED
HE AREATA.LONG BOUNDARY NEAREST WALL OF

WALL OF INTEREST AND VENT WALL
uB- - _— Bl
| _—B3
B2

| I————

IN ORDER TO OBTAIN THE WORST CASE ! _8RIS HARZARD, THE
MAXIMUM COMBINED QUASISTATIC AND SHOCK IMPULSE 1S DESIRED.
THE SHOCK IMMPULSE INCREASES AND THE QUASISTATIC IMPULSE
DECREASES WITH DECREASING STANDOFF. THE OPPOSITE IS TRUE
FOR. INCREASING STANDOFF. THEREFORE THE WORST CASE CHARGE
LOCATION IS NOT INHERENTLY CLEAR. IN GENERAL THE FOLLOWING
‘THREE LOCATICNS SHOULD BE INVESTIGATED.

B1 - THE CHARGE POSITION FOR MAXIMUM SHOCK IMPULSE ON WAILL
B2 - THE CHARGE POSITION FOR MAXIMUM QUASISTATIC IMPULSE ON THE WALL

B3 - AN INTERMEDIATE POSITION
EXPERIENCE MAY PRECLUDE THE NEED TO INVESTIGATE ALL THREE POSITIONS.

WALL OF INTEREST
VENT WALL

-C. 1

CHARGE MUST BE PLACED IN CORNER OF DESIGNATED HE AREA
ALONG BOUNDARY CLOSEST TO WALL OF INTEREST AND
FURTHEST FROM VENT WALL.

_[-VENTWALL

PLACE CHARGE AT MAXIMUM STANDOFF FROM FLOOR WITHIN
DESIGNATED HE VOLUME. THIS DEFINES THE HORIZONTAL PLANE
OF THE CHARGE. PLACE CHARGE IN THE CORNER (OR CORNERS)
OF THE DESIGNATED HE BOUNDARY IN THIS PLANE FURTHEST
FROM THE VENT SURFACE.

nD- -

Figure Al. Selection of Charge Location for Worst Case Load (continued)
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THIS IS SIMILAR TO CASE B SINCE THE VENT SURFACE 1S ALSO 1HE SURFACE
883;‘%!125’1‘ IN GENERAL THE FOLLOWING THREE CASES SHOULD BE

E! - THE POSITION FOR MAXIMUM SHOCK IMPULSE ON THE ROOF (SAME POSITION
AS LOCATICN D)

E2 - THE POSITION FOR MAXIMUM QUASISTATIC IMPULSE ON THE ROOF
E3 - AN INTERMEDIATE POSITION

EXPERIENCE MAY PRECLUDE THE NEED TO INVESTISATE ALL THREE POSITIONS.

Figure Al. Selection of Charge Location for Worst Case Load (continucd)
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Itis a close-in load, but for both loading realms, you use the SHOCK code 1o get
the impulse and duration at a point opposite the charge.

R/W'? < 2.5, so no multiplication factor will be applied to the impulse from
SHOCK.

W =2501b
Distance to blast surface = 4 ft
Width of blast surface = 20 ft
Height of blast surface = 12 ft
Horizontal distance from lef: side wall = 16 ft
Vertcal distance from floor = 2 ft
4 reflecting surfaces
Coordinates for point load = (16,2)
Shock impulse i, for Surface 1 = 3.5 psj-sec
duraton = Q.00065 sec

ces 2 - 4; 12 ft x 27 ft reinforced concrete walls

Walls are brittle matenials with significant strength
R/W'? = 4/(250)'” = 0.63 ft/1b'?
Since 0.5 < 0.63 < 1.0, it is a close-in load.

Use the SHOCK code to calculate the impulse and duration at a point on the component
opposite the charge. Since the charge location for analyzing each wall will be the same
as for Surface 1 and the SHOCK code is used in the same manner for close-in loads,
the shock impulse i, for Surfaces 2 - 4 = 3.5 psi-sec

duration = Q,00065 sec
Surface S: 20 ft x 20 ft metal roof

Since the dzbris from the metal panels are expected to travel farther than debris from
th= S-ply felt or gravel, we will only consider the load on the metal panels. Use the
SHOCK code to get the average impulse over the panel with the highest loading.




The charge locatior: will be in a corner of the HE area, 2 feet from the floor as shown.

" 20 -0° |

%/

L

4'-o‘L- \—musv LOADED PANEL

Top View

The metal panel with the highest loading will be the panel directly above the charge,
next to the sidesvall. Use the reduced su face option of the SHOCK code for the area

of this panel.
W=2501b
Distance to blast surface = 10 ft
Width of blast surface = 20 ft 3
Height of blast surface = 20 ft

Horizonial distance from reflecting surface 2 = 4 ft
(sidewall)

Vertical distance from reflecting surface 1 = 16 ft
(back wall)

4 reflecting surfaces
Average load on reduced surface of pane!
Coordinates of upper left corner = (0,20)
Coordinates of lower right corner = (20,16)
Shock impulse i, for Surface 5 = 1.3 psi-sec

Surface 6: Steel joist in roof

Joist is a ductile material (like a steel beain)

Use the SEOCK code tc get the average impulse over the loaded width ot the joist with
the highest loading. Bascd on the assumed joist dimensions, this wvidth is 4 inches.

W =2501b
Disiance to blast surface = 10 ft
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Width of blast surface = 20 fi
Height of blast surface = 20 ft
Honzontal distance from reflecting surface 2 = 4 ft

(sidewall)

Veracal distance from reilectdng surface 1 = 16 ft

(back wall)

4 reflecting surfaces

Average load on reduced surface of joist
Coordinates of uppe- left corner = (3.83,20)
Coordinates of lower right comner = (4.17,0)

—-—-ll'-o'r-— /-I!N. PAEL
7

?
?

I

) X
47 i 0187

Rocf as ] .oadea Surtace -- Joist Surface as Reduced Surface for SHOCK Code
Shock irnpu’se i, for Suriace 6 = 1.4 psi-sec

Siep3B:  Determine the quasistatic impulse on each component.

Surface 1: 12 5t x 2V ftclay tile wall

Brittle waater s’ without significant strength
Close-in load (Y/W'? = 4/(250)"” = 0.63 ft1b'” < 1.0)
Make two FKANG runs (su# {'tep 3B 1) a) aa) - ac)).

FRANG Run No. 1

Vent panel = vent cowwnonent = roof

W=2501b

Volume = (20)(20)(12) = 4800 ft
Cover~d vent mra = 400 f?
Vent pecimeter = 80 ft
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Surface weight/area = 8 1b/ft?

Shock impulse on panel = 1068 psi-msec
(SHOCK was rerun to get average load on full roof area.)

Uncovered vent area = 0
Recessed depth of panel =0
Total quasistatic impulse = 1,6 psi-sec
FRANG Run No. 2
Vent panel = local component area on Surface 1 opposite the charge
W=2501b
Volume = (20)(20)(12) = 4800 ft’

Covered vent area = 2R x (R + 2) = 2(4)(6) = 48 f?
(have to adjust recommended 2R x 2R area due to charge height of 2 ft)

Vent perimeter = 2(2)(4) + 2(6) = 28 ft
Surface weightblast loaded area = 33 Ib/fi’

Density of clay tile = 120 lb/fc’
Weight = [(5.75)(5) - 2(1.75)(3.5)) (11.75)(1 {©*/1728 in")(120 1b/f%)
=1351b
Weight/area = 13.5 1b/[(11.75)(5) in?] (144 in¥/f?®) = 33 1b/f?

Shock impulse on local area:
Run SHOCK with reduced area option for Surface 1
Coordinates of upper left corner = (12,6)
Coordinates of lower right comner = (20,0)

So shock impulse = 4538 psi-msec

Uncovered vent area =0
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Recessed depth of panel =5.75 in = 0.48 ft

This recessed depth corresponds to the thickness of the wall. Itis used here since
the assumed locally failed portion of the wall must move through the thickness
of the remaining portion of the wali before venting will occur.

Quasistatic impulse at critical vent ume = Q.87 psi-sec
Use the lesser of quasistatic impulse from the two FRANG runs.

iy = Q.87 psi-sac for Surface 1

Surfaces2-4: 12 ftx 20 ft reinforced concrete walls

Brirtle material with significant strength
Close-in load (R/W'” = 4/(250)'” = 0.63 ft/Ib'” < 1.0)
Mae two FRANG runs (see Step 3B 1) a) aa) - ac)).
The first FRANG run is the same as FRANG Run No. 1 for Surface 1.
iy= L6 piisec
FRANG Run No. 2 for Surfaces 2- 4
Vent panel = local comiponent area on Surface 2, 3, or 4 opposite the charge
W =2501b
Volume = (20)(20)(12) = 4800 fr’

Covered vent area = 2R x (R + 2) = 2(4)(6) = 48 f
(have w adjust recommended 2R x 2R area due to charge height of 2 f1)

Vent perimeter = 2(2)(4) + 2(6) = 28 ft
Surfece weight/area = (150 Ib/ft’)(1 fi) = 150 Ib/fi°
Shock impulse cn local area:
Run SHOCK with reduced area option for wall 2, 3, 0r 4
Coordinates of upper left corner = (12,6)
Coordinates of lower right comer = (20,0)
Shock impulse = 4538 psi-msec (same SHOCK run as local load on Surface 1)
Uncovered vent arca = 0

Recessed depth of panel = 1 ft

The recessed depth of 1 ft is used here since the assumed locally failed portion
of the wall must move thmugh the thickness of the remaining portion of the wall
before venting will o~cur.

Quasistatic impulse at critical vent time = 3.7 psi-sec
Use the lesser of quesistatic impulse frcm the two FRANG runs.

iy = L& psi-sec for Surfaces 2 - 4




Surface 5: 20 ft x 20 ft metal panel roof

Ductile matenal
Calculate the impulse in the same manner as for a far-range load on a brittle material.

Run FRANG with vent panel = ventcomponent = roof and use the impulse at the critical
vent time, indicated by AMAX on the output. The runis the same as FRANG Run No.
1 for Surface 1, but we need 10 use the impulse at AMAX, so

i, = L2 psi-sec for Surface 5
Surface 6: Steel joist in roof

This member is treated as a steel beam would be treated by the model.

ig = 00 psi-sec

Siep 4A:  Calculate the relevant shock impulse, i,’

Surface 1: Clay tle wali

Brittle material without significant strength

Use the impulse and duration from SHOCK and the componen: minimum mass per
unit area 10 calculawe the reduction factor, R, from the —urve fit for unreinforced
masonry.

i, = 5.5 psi-sec

duration = 0.00065 sec

minimum mass/area = mass/area of the sum of the solid portions through the
thickness of the hollow tile where this value is a minimum

= (120 Ib/f®)(§2Y/1728 in*)(3 {0.75 in))/385.4 in/sec?

= 0.0004 1b-sec’/in’
From Equation (5)
R’ = (i/m)(duration)
R’ & (5.5 psi-sec)/(0.0004 1b-sec®An®) (0.00065 sec)
=891n

Since R’ = 8.9 20.54, R,= 1.0 by Equador (€)
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So, the relevant shock impulse for Surface 1 is
i’ =i/R,=5.5/1.0 = 8,5 psi-sec frein Equation (9)

Surfaces 2 -4:  Reinforred concrete walls

Brittle material with significant strength

Close-in load (R/W'=0.63 < 1.0)

Use the impulse and duration from SHOCK and the component mass per unit area and
compressive strength to calculate the reducton factor, Ry, from the curve fit for rein-

forced concrete.
From Equation (3)
R’ = (i/m)(duration)”*'/(f)**
where i, = 5.5 psi-sec
m = 150 1b/ft* = 1.04 1b/in’
duratdon = 0.00065 sec
f, = 3000 psi (assumed value)
R’ = (5.5 psi-sec)/(1.04 1b/in?)(386.4 in/sec’)(0.00065 sec)’*’/(3000)*
R’ = 0.27 in¥/(sec®* 1b°%)
From Equation (4), for R’ = 0.27 2 0.084
R=10
So, by Equation (7),
i’ =i/R,=55/1.0 = 3,5 psi-sec for Surfaces 2 - 4

Surface 5: Metal panel roof

From Equation (10) for ductile material
i =1, = L3 psizsec

Surface 6 Steel joist in roof

From Lquation (10) for ductile material
i =iy = Ld paisec

A-50

l



Siep 4B:  Calculate the total relevant impulse, i; for each surface.

Use Equaton (11)

ip=ig+ 1,

Surface 1: Clay tile wall
iy =0.87 + 5.5 = 0.4 psi-scC

Surfaces 2 -4:  Reinforced concrete walls
ir=1.6 +5.5 =21 psi-sec

Surface 5: Metal panel roof
ir=12+13=205 psi-sec

Surface 6: Steel joist
ip=0.0+1.4=14psi-sec

Siep4C:  Calculate the maximum debris velocity, V,,, for eath surface.

Surface 1: Clay tie wall

Hollow component -- use Equation (13)
Ve =ig/m’
where m” = minimum mass per unit area
= (120 1b/ft’)(fr’/1728 in*)(3 (0.75 in))/386.4 in/sec’
= 0.0004 1b-sec’/in’
iy = 6.4 psi-sec
Veu = 6.4/0.0004 = 16000 in/sec = 1333 fi/sec

NOTE:  This velocity exceeds the model limit of 1000 ft/sec. We will proceed 1o get a

hazardous distance, notiny, we are going beyond data verified model results.
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Surfaces 2 -4:  Reinforced concrete walls

Solid components -- use Equation (12)
Vo =it/ m
iy = 7.1 psi-sec
m = 150 1b/ft* = 1.04 1b/in’
Vs = [(7.1)(386.4)] / (1.04) = 2638 in/sec = 220 fu/sec

Surface 5: Metal panel from roof

Solid component -- use Equation (12)
Vo =i;/m
iy = 2.5 psi-sec
m = 8 1b/f* = 0.056 Ib/in? (including mass of felt and gravel)
Ve = [(2.5)(386.4)) / (0.056) = 17,250 in/sec = 1438 fu/sec

This velocity exceeds 1000 ft/sec, but higher velcocities were observed in tests using
scaled charge weights less than 250 Ib. So the velocity is acceptable for use with the
model for metal panels if the charge weight does not exceed 250 Ib.

Surface 6:  Steel joist

Use Equation (14) or (15) to calculate V,, as for a steel beam.

Assume the steel joist is composed of double 2" x 2" x 1/4" angles along the top and
bottom chord. Use the weight per unit length estimated as 2.5 tipes the weight per unit
length for a double angle to account for the double angles at the 1op and bottom chord
and the web members.

So L, = 1.4 psi-sec
T =  beam material toughness = 12,000 Ib-in/in’
(assuming A36 steel)
beam length = 20 ft = 240 in

o -
L]

=  loaded width
= 4in (width of top double angle for the joist)

L = 2L/b =2 (240)/4 = 120 in

2(1.88 in?) = 3.76 in?® (from AISC Steel Manual)

W = 6.38 1b/ft for a doublc angle so use w = 2.5 (6.38) = 15.95 1b/ft
= 1.33 1b/in

>
)




g =  gravity constant = 386.4 in/sec’

P = w/Ag=1.33/[(3.76)(386.4)) = 0.0009Z Ib-sec?/in*
First check

LLb)/((pT)A)
= [(1.4)(120)*°(4))/[[(.00092)(12000))'*(3.76))

(23.5)/(12.5)= 1.9
Since 19590
[T/p)"*(-0.41 + 0.41 (L,L’b)/((pT)'*A)]
Voo = [12000/.00092)'? {-0.41 + 0.41 (1.9))
Va. = 1333inssec = 111 fusec

<
B
it

SiepdD: Calculate the average velocity and velocity standard deviaton for cach
surface. Use Equations (16) and (17).

Surface 1: Clay nle wall

Vau = 1333 fisec
Vg = (0.6)(1333) = 800 fisec
Vae =  (0.14)(1333) = 187 fusec

Vo = 220 ft/3ec
Ve = 0.6(220) = 132 ft/sec
Vo =  0.14(220) = 31 ft/sec

Surface 5: Metal panel from roof

Vour = 1438 fusec
Vog =  0.6(1438) = 863 fi/sec
Ve = 0.14(1438) = 201 fi/sec

Suface 6: Steel joist

Vear = 111 fysec  (for single run)

' Suxfaces 2 -4:  Reinforced concrete walls




Sepy Calcylate the average debrs weight for each component.

Surface 1: Clay tile wall

Use Equations (20) and (21) for masonry

m,,, = M’ [“shell face thickness)’ (density)]

where M’ =10 for Vo, = 1723 2 120 fUsec
shell face thickness = 0.7 (n = 0.0625 f:
density = 120 Ib/fe’

m,,, = 10 (0.0625)’ (120) = Q.29 1b

Sudaces 2 -4:  Reinforced concrete walls

Use Equation (19)
m,, = 0.10 [(rebar spacing)*(cover thickness)(density)]
Assume  rebar spacing = 12in=1 ft
cover thickness =2 in = 0.17 fi
density = 150 1b/ft’
S0  m,,=0.10(1)*(0.17)(150) = 2.6 1b

Surface 5S¢ Metal panel roof

Use Equations (23) and (24)

The mass will be uniformly distributed between
my,, = one-quarter of the total panel mass

and

m,,, = total panel mass
Mg, = (4 £1)(20 f1)(2 1b/4Y) = 160 b
Surface 6: Steel joist

Use Equation (22)
m = total joist mass = (15.95 1b/ft) (20 ft) = 319 1b
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Sep§  Determins effective desmoved wei

Surface 1: Clay tile wall

From Equations (28) for unreinforced masonry
Voo = 1333 2 190 ft/sec

S0, T'=10 )
Totl effective destroyed mass = (1.0)(12)(20)(33)
=79201b
;;I/\ézrc the wall is 20 ft x 12 ft and the weight/blast loaded area of the tiles is 33

Surfaces 2 - 4:  Reinforced concrete walls with close-in loading

By Equation (20)

V, = velocity from shock impulse alone

V, =i,/m = (5.5)(386.4)/1.04 = 2043 in/sec = 170 ft/sec
Since 45 < 170 S 353 fisec,

T =0.00308 V, - 0.089

T =0.00308(170) - 0.089 = 0.43
Total effective destroyed mass = (0.43)(12)(20)(1)(150)

=13.4801b

Surface 5: Metal panel roof

T’ = 1.0 from Equation (29)
Total cffective destroyed mass = (1.0)(4)(20)(2 1b/f®)(5 panels) = 200 1b

Surface §: Steel joist

Use Equation (29) for beams, T° = 1.0
Total effective destroyed mass = mass cf one joist = 319 1b
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Jaists, Constant diswributions are used for the joists so it is like running
single trajectonies for them.

Use Equation (30)

Surface 1: Clay tle wall

GRIDL =  ~(4/M1)(7920)/(33) = 125 ft

Surfaces2-4:  Reinforced concrete walls

GRIDL =  V(4/T1)(15,480)/(150, = 115 1

Surface 5: Metal panel roof

GRIDL =  (4/11)(800)/(2) = 22.6 but the total width of the roof is only
20 fi so use GRIDL = 20 ft

Surface 6: Steel joist
Use the roof width. GRIDL =20 ft

Copies of each input file are included on the following pages.




Surface 1: Clay tile wali

1,1
5000,7t24.,0,58., 'OUTPUT', 14555568 .0
EXAMPL. PROBLEM 3 -~ SURFACE 1
FT LBS SEC FT-LBS
MASS EXPONENT 0.29
VELOCITY NORMAL 800. 187.
ANGLE NORMAL 0. 1.3
COF CONSTANT 1.5
KFACTOR CONSTANT 1.0

END

1 120.

7 2.0

8 1.0

10 0.0625

2 2.0

19 -17.5

Maximum cumulative hazardous distance = 1654 ft
Maximum range = 1773 ft
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Surfages 2-4:  Reinforced concrete walls

1,1
5000,15480.,0,58.,’OUTPUT',14555568.0
EXAMPLE PROBLEM 3 -- SURFACES 2 ~ 4

FT 1bs SEC FT-LBS
MASS EXPONENT 2.6

VELOCITY NORMAL -132. 1.
ANGLE NORMAL 0. 1.3
COF UNIFORM 1.0 2.0
vFACTOR CONSTANT 1.0

LND

1 150.

7 3.0

8 1.0

10 1.0

12 2.0

19 ~-11.5

Maximum cumulative hazardous distance = 926 ft
Maximum range = 974 ft




Surface 5: Metal panel roof

1,1
5000,800.,0,58., ' OUTPUT' ,14555568.0
EXAMPLE PROBLEM 3 ~-- SURFACE 5
FT LBS SEC FT-LBS
| MASS UNIFORM 40. 160.
| VELOCITY NORMAL 863. 201.
ANGLE NORMAL 90. 10.0
COF CONSTANT 1.5
KFACTOR CONSTANT 1.0
ElD
1 490.
7 2.0
8 1.0
10 0.004
12 12.0
19 -20.0

Maximum cumulative hazardous distance = €0 ft
Maximum range = 264 ft
Note on the selection of "L” (input item 10) for the corrugated metal panels:
The code internally calculates area as
A = mass/((density)(L))
So, L = mass/pA
For these panels, mass = 160 Ib
A = 4(20) = 80 ft*
p = 490 Ib/f’
L = (160) / ((490)(80)) = 0.004 ft

Considering half the roof debris (file the same except total effective deswoyed
mass = 800/2 = 400 1b), the maximum cumulative hazardous distance = 50 ft.

Maximum range = 264 ft
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Surface 6:  Steel joist in roof

1,1

1,319.,0,58.,'0UTPUT’,145555568.0
EXAMPLE PROBLEM 3 -- SURFACE 6

FT LBS SEC FT~LBS
MASS CONSTANT 319.
VCLOCITY CONSTANT 111.

ANGLE CONSTANT 90.

COF CONSTANT 1.8
KFACTOR CONSTANT 1.0

END

1 490.

7 2.0

8 1.0

10 0.2

12 12.0

19 -20.0

A note on the selection of "L” (input item 10) for a steel joist (or beam, etc.): It
isdifficult to estimate what area will be presented in flight. We will try to account
for an average area by taking an area as

A = 0.5 (width of double angle)(joist length)
A = 0.5(4in)(fv12in)(20ft) = 3.3 f¢
The code internally determines area as
A =  mass/((density)(L))
So,use L =  mass/pA =319 1b/[(490 Ib/ft’)(3.3 )] = 0.2 fi
Maximum distance = 12,5 {1

Step 9: Make siti {ation based Iis £ b direction from
Sinucture,
The wall facing that direction and half the roof debris should be considered in each
direction.
Surface 1:

The maximum cumulative hazardous debris distance for the clay tile debris is
1654 ft. The maximum range traveled by any of the roof debris (metal panels or
steel joists) is 264 ft, so the roof debris do not increase the hazardous debris
distance of the wall debris. Applying the 1.3 safety factor for concrete and
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masonry debris, the siting distance is then (1654)(1.3) = 2150 ft.

Application of the model in this paper will often permit siting distance
reductions from the broad-ranged criteria (67C or 1250 fect) now in Refer-
ence 1. However, in some cases predicted hazardous debns distances will
even exceed the default distance cnteria of Reference 1. In these cases, and
because the model in this paper is considered safety conservative, the defauit
critenia may be used.

Surfaces 2 - 4:

The cumulative hazardous debris distance from the reinforced concrete wall
debris is 926 ft. The maximum distance traveled by any roof debnis (metal
panels or steel joists) is 264 ft, so the roof debris do not increase the
hazardous debris distance of the wall debris. Applying the 1.3 safety factor
for reinforced concrete and masonry debris, the siting distance is (926)(1.3)

= 1204 fu.
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Example Problem No. 4

Sep L. Define the threar,

The building is 20 ft x 20 ft x 12 ft with three very thich reinforced concrete walis designed
not to fail, one clay tle wall, and a reinforced concrete roof designed not to fail. The charge of 25
1b is located 3 feet from the clay tile wall, 3 feet from one reinforced concrete wall, and 2 feet from
the floor. No door calculations will be done in this example. See Example Problem No. 2 for door

calculanons.

e

CLAY TULE WALL

Since the three reinforced concrete walls and the reinforced concrete roof have been designed to
withstand the effects of the 25 1b charjge (no debris will result), the only surface to be examined is

the clay tile wall, Surface 1.
Siep 2: L ing 1 { descTioti

No open vent areas.

One covered vent area -- ihe clay tile wall in this case
Covered vent area = (20)(12) = 240 f¢!
Vent perimeter = 2(12) + 2(20) = 64 fi
Weight per unit blast loaded area of wall = 33 1b/ft?




Density of clay tle = 120 lb/ft®

Weight = [(5.75)(5) - 2(1.75)(3.5)) (11.75)(1 fr’/1728 in®)(120 Ib/ft®)
=1351b

Weight/area = 13.5 1b/[(11.75)(5) in’] (144 in*/ft?) = 33 Ib/f?

Siepd:  Calculzic the impulse load on each component,
Siep 3A:  Determine the shock impulse on the clay tile wall.

Surface 1: 12 ft x 20 fi clay tile wall

Wall is a britile material without significant strength
R/W'? = 3/(25)" = 1.03 f1b"”?

For both cloge-in and far-range loads, use the SHOCK code to get the impulse
and duration at a point opposite the charge.

R/W'? < 2.5, 30 no multiplication factor will be applied to the impulse from
SHOCK.

Ws251b
Distance to blast surface = 3 ft
Width of blast surface = 20 ft
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Height of blast surface = 12 ft
Horizontal distance from left side wali = 3 ft
Vertcal distance from floor = 2 fi
4 reflectng surfaces
Coordinates for point load = (5,2)

Shock impulse i, for Surface 1 = 1.05 psi-se¢
duration = 0.0003 se¢ :

Step 3B:  Determine the quasistatic impulse for the clay tile wall.

Surface 1: 12 fu x 20 fi clay tile wall

Brittle material without significant strength
Far-range load (R/W'” = 3/(25)'” = 1.03 f1b'” > 1.0)
Run FRANG with the vent pane! = vent component = clay tle wall.
Use the impulse at "AMAX" since the vent component is the component of interest.
W=251b
Volume = (20)(20)(12) = 4800 ¢’
Covered vent area = 240 ft from Step 2
Vent perimeter = 64 ft from Step 2
Surface weight/blast loaded area = 33 1b/fi?

Shock impulse on panel = 318 psi-msec
(SHOCK was rerun to get average load on full wall area.)

Uncovered vent area =0
Recessed depth of panel =0
Quasistatic impulse at cridcal veni ime = 1.2 psi-seg
The load on this wall is very near the boundary of being a close-in load instead of a far-range
load. If the load were considered close-in, the quasistatic impulse to be used would be 0.6
psi-sec. This corresponds to the impulse resulting from a local area of the wall venting before

the whoie wall vents. We will conservatively use the impulse of 1.2 psi-sec since this will
result in greater velocities and distance.
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Siepd:  Calculace . \ebris veloci | for the clay file wall debri

Step 44:  Calculate the relevant shock impulse, i,

Surface 1: Clay tile wall

Britle material without significant strength

Use the impulse and duration from SHOCK and the component minimum mass per
unit area to calculate the reduction factor, R,, from the curve fit for unreinforced
masonry.

i, = 1.05 psi-sec ‘
duration = 0.0003 sec

minimum mass/area = mass/area of the sum of the solid portions through the
thickness of the hollow tile where this value is a minimum

= (120 1b/f®)(fi/1728 in)(3 (0.75 in))/386.4 in/sec?
=0.0004 1b-sec?/in®

From Equation (5)

R’ = (i/m)(duration)

R’ =(1.05 psi-sec)/(0.0004 ib-sec’/in’) (0.0003 sec)
=0.79 in

Since R’ = 0.79 2 0.54, R;= 1.0 by Equation (6)

So, the relevant shock impulse for Surface 1 is

i,/ = i/Ry = 1.05/1.0 = 1,05 psi-sec from Equation (9)

Step4B:  Calculate the total relevant impulse, ig.

LN

Use Equadon (11)
=g+,

Surface 1:  Clay tile wall

ir= 1.2+ 1.05 =23 psi-sec




Step4C:  Calculate the maximum dzbris velocity, Vy,,.

Surface 1: Clay tle wall

Hollow component -- use Equation (13)
Vau=ip/m’
where m’ = minimum mass per unit area
= (120 1b/fC)(ft*/1728 in®)(3 (0.75 in))/386.4 in/sec’
=0.0004 1b-sec’/in’
iy = 2.3 psi-sec
Vou = 2.3/0.0004 = 5750 in/sec = 479 fu/sec

Step4D: Calculate the average velocity and velocity standard deviation using
Equadons (16) and (17).

Surface 1: Clay tile wall

Ve = 479 fsec
Veu = (0.6)(479) = 287 fi/sec
Vo = (0.14)(479) = 67 ft/sec

Surface 1: Cley dle wall

Use Equations (20) and (21) for masonry

m,,, = M’ [(shell face thickness)® (density)]

where M’ =10 for V, =479 2 120 ft/sec
shell face thickness = 0.75 in = 0.0625 ft
density = 120 15/it’

m,, =10 (0.0625)’ (120: =029 1b
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Sgof L ine effective ds . : ne Eouas
23),

Surface 1: Clay tile wall

From Equatons (28) for unreinforced masonry
Vo =479 2 190 ft/sec
S0, T'=1.0
Total effective destroyed mass = (1.0)(12)(20)(33)
=79201b

whézre the wall is 20 ft x 12 ft and the weight/blast loaded area of the tiles is 33
1b/

SiecpZ. Calculate the destroved width, GRIDL, of the component,
Use Equation (30)

Surface 1: Clay tile wall

GRIDL =  ~\(4/M)(7920¥(33) =125 f1
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hazardous debns distance for the clay tile wall,
A copy of the input file is included here.
Surface 1: Clay tile wall

1,1
5000,7920.,0,58., ' OUTPUT',14555568.0
EXAMPLE PROBLEM 4 ~-- SURFACE 1

FT LBs SEC FT-LBS
MASS EXPONENT 0.29

VELOCITY NORMAL 287. 67.
ANGLE NORMAL 0. 1.3
COF CONSTANT 1.8

KFACTOR CONSTANT 1.0

END

1 120

7 2.0

8 1.0

10 0.0625

12 2.0

19 -17.5

Maximum cumulative hazardous distance = 709 ft
Maximum range = 714 ft

Siting distances in the directions of the three reinforced concrete walls will be set by
blast criteria since these walls and the roof have been designed not to fail. The distance
in the direction out from Surface 1, the clay tile wall, will be set by the cumuladve
hazardous debris distance of the debris from that wall.

Surface 1:

The maximum cumulative hazardous debris distance for the clay tile debris is
709 ft. Applying the 1.3 safety factor for concrete and masonry debris, the siting
distance is then (709)(1.3) = 922 1. The large distance results from a full con-
tribution of quasistatic load on the clay tile wall since no other vents were con-
sidered. This distance exceeds the default distance of 670 ft (25 1b < 100 1b) due




to the charge confinement.

Application of the model in this paper will often permit siting distance
reductions from the broad-ranged criteria (670 or 1250 feet) now in Reler-
ence 1. However, in some cases predicted hazardous debns distances will
even exceed the default distance cnteria of Reference 1. In these cases, and
because the model in this paper is considered safety conservative, the default
criteria may be used.
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